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To Henry Fay 


A pioneer in the field of Metallography who 
inspired many men with the love of this new science. 
To him we dedicate this book in grateful acknowl- 
edgment of his unfailing friendship and his helpful- 
ness during the period of our apprenticeship. 


PREFACE TO THE THIRD EDITION 


The purpose of this book remains unchanged. It is intended 
to give to the general reader the fundamentals of Physical Metal- 
lurgy and to serve as an introduction to larger and more special- 
ized books. 

The text has been to a large extent rewritten and rearranged. 
Because of the technical and scientific advances that have been 
made in recent years, much new material has been added to the 
discussions of aluminum alloys, alloy steels, including stainless 
steeis, and laboratory methods. The sections on x-ray methods, 
magnetic testing, and the optics of metallography have been 
rewritten and extended. A brief discussion of the increasingly 
important subject of corrosion has been added. 

Grateful acknowledgment is made to Prof. A. V. de Forest, 
who has contributed the section on magnetic testing; to Mr. M. 
Cohen, who has rewritten the section on x-ray testing; to Mr. 
W. Zieler, who has revised and added to the section on the 
optics of metallography; to the American Society for Metals for 
the use of several diagrams from the ‘‘ National Metals Hand- 
book’”’; and to Messrs. Theodore Graves and Robert D. Williams 
who have made the new diagrams and figures. 

Ropert 8. WILLIAMS. 
Victor O. HOMERBERG. 
MassacHusetts INsTITUTE OF TECHNOLOGY, 


CAMBRIDGE, Mass., 
August, 1935. 
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PREFACE TO THE FIRST EDITION 


This little book has been written to meet the needs of those 
students of General Science or Engineering who do not specialize 
in Metallography but who will use it to a limited extent in con- 
nection with their professional work. 

It is hoped that it will be of service, also, to the general reader 
as an introduction to an increasingly important branch of 
science and as an aid to the better understanding of the more 
highly specialized books. 

Greater emphasis has been laid on the applications of Metal- 
lography than on the physico-chemical principles involved but 
it is believed that the fundamental ideas on which metallography 
is based have not been neglected. 

In the appendix will be found a few of the tables most com- 
monly used by the metallographist, a suggested outline of a 
brief laboratory course and a descriptive list of the more impor- 
tant books and journals dealing with the subject. 

Thanks are due to the authors of many of the standard books 
on metallography which have been freely used in the preparation 
of this little volume and grateful acknowledgment is made for 
the use of a few drawings which have been copied with minor 
changes from other books. 

Special thanks are due to Messrs. Bauer and Deiss from 
whose book on ‘The Sampling and Chemical Analysis of Iron 
and Steel” most of the microphotographs of steel and iron have 
been taken. 

It is a pleasure to express my appreciation for the services of 


Professor L. F. Hamilton who has helped greatly by his kindly 
criticism of the proof. 
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PRINCIPLES OF 
METALLOGRAPHY 


CHAPTER I 


THE SIMPLE ALLOY DIAGRAM 


Metallurgy is one of the oldest of the sciences and until 
the latter part of the nineteenth century it had been 
concerned chiefly with the production of metals from their 
ores and with the various processes used in the manufacture 
of steel, brass, bronze, and other alloys. Shortly before the 
beginning of the present century it became increasingly 
evident that the useful properties of metals and alloys 
were affected by many things other than the method of 
production. Their characteristics changed, for example, 
as a result of heating followed by sudden cooling, or they 
were changed by rolling, drawing, or other kinds of mechani- 
cal work. Today the field of metallurgy is commonly 
subdivided into the closely allied branches of: (1) production 
metallurgy, dealing with the recovery of metals from their 
ores; and (2) physical metallurgy, which is concerned with 
the physical properties of the metals and alloys made from 
them. 

Physical metallurgy, then, is the general study of metals 
and alloys, their physical and chemical properties, their 
internal structure, the methods of investigation, and, 
perhaps most important of all, the study of the mechanical 


properties, uses, and defects of the commercial alloys. 
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Many branches of science are necessary for the solution 
of the problem of the physical metallurgist. The chemical 
composition must often be determined; the tensile strength, 
hardness, ductility, or other mechanical properties must 
be found; the magnetic behavior is sometimes important 
and the examination of the alloys by means of the z-ray 
has come to be of the utmost value. Other methods of 
study are possible but the group of principles that has 

done more than anything else 
to systematize the study of alloys 
and to make possible the re- 
markable advances in the use 
of metals that have taken place 
in the last thirty years is known 
g27” as metallography. Metallog- 
raphy is one of the most im- 
portant divisions of the larger 
field of physical metallurgy and 
is concerned chiefly with the 
temperature changes occurring 
when two or more metals are 
cooled from the molten state 
aie ts Seconcs and with the internal structure 
Fig. 1.—Cooling curve of pure lead. of the solid formed. 

If a pure metal is melted under conditions that make it 
possible to determine the changes of temperature during 
the cooling and if these changes are indicated in graphical 
form, a curve of the following form is obtained (Fig. 1). 
The temperature readings are taken at definite time inter- 
vals, and in plotting the curve these temperatures are used 
as ordinates with the corresponding time intervals as 
abscissas. The solidification of lead has been selected 
as an example, with time intervals of 10 seconds. It will 
be noticed that the curve falls smoothly until the tempera- 
ture of 327°C. is reached when it breaks sharply and 
remains horizontal indicating a constant temperature 


° 


Temperature in Degrees C 
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during an appreciable period. The curve again falls 
gradually to room temperature without further abrupt 
changes in direction. The horizontal line represents the 
transition of the lead from the liquid to the solid state. 
The heat that is necessary to maintain the mass at constant 
temperature is the latent heat of solidification. Since 
the amount of heat liberated at this time is proportional 
to the mass of metal solidifying, it is evident that, other 
conditions being equal, the length of the horizontal line is 
a measure of the amount of material present. This does 
not hold absolutely in practice, as it is impossible to get 
ideal cooling conditions, but it is true to such a degree 
of approximation that the fact is of great value in the 
thermal study of alloys. The horizontal line has the addi- 
tional physical significance that it indicates the only 
temperature at which solid and molten lead will stay in 
contact with each other indefinitely. At any higher 
temperature solid lead will disappear, and at a lower one 
there will be no liquid. Several other methods of drawing 
these cooling curves will be described later in connection 
with the laboratory study of the alloys. 

The Two-layer Alloy.—The simplest possible alloy is 
one which results from the solidification of two metals 
which do not mix even when they are in the molten con- 
dition. In the strictest sense, this is probably not a true 
alloy, but the subject deserves consideration because of the 
practical application of certain of these nonmiscible metal 
pairs in the form of solid emulsions. If aluminum and 
lead are mixed in varying proportions, the mixtures 
melted, allowed to cool under conditions as nearly identical 
as possible, and temperature readings taken at definite 
time intervals during the cooling, a series of curves like 
that shown in Fig. 2 will be obtained. Curve | is the cooling 
curve of pure aluminum, and each successive curve repre- 
sents the cooling of an alloy containing more lead than the 
one before it until pure lead solidifies as indicated in Curve 6. 
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This method of representing the temperature changes 
in a series of alloys is not satisfactory even in so simple 
a case, and it becomes impossible in more complicated 
cases. This has led to the use of a graphical form of 
representation known sometimes as the freezing-point 
diagram but, more accurately, as the equilibrium diagram 


Al 902Al 75% Al 502 Al 304 
Pb 10% Pb 252 Pb 50% Pb 10% 
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Fig. 2.—Cooling curves of aluminum, lead, and four alloys. 


of the alloys. Disregarding for a moment the time taken 
for each alloy to solidify, as shown by the length of the 
horizontal lines in the series of curves, it is evident that 
the temperature changes may all be indicated on a chart 
in which the ordinates represent temperatures and the 
abscissas percentage compositions of the different alloys. 
Since, in the case under consideration, the melting point 
of neither metal is affected by the presence of the other, 
the freezing-point diagram consists of two horizontal 
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lines only, one at the melting point of aluminum, the 
other at the melting point of lead. 

In his various papers on Thermic Analysis, Tammann! 
has shown that, in addition to the simple freezing-point 
diagram given above, the introduction of a curve, or curves, 
showing the time interval during which the temperature 
stays constant for each alloy of a series is valuable both in 
the construction and in the interpretation of these equilib- 
rium diagrams. The time curves are obtained and applied 
to the diagram as follows: A straight edge is applied to the 
sloping parts of each cooling curve, as shown in Curve 2, 
Fig. 2, and the resulting sloping lines are connected by 
horizontal lines drawn through the horizontal parts of the 
cooling curves. The distance between the points of inter- 
section of each horizontal line with the two oblique lines 
which it crosses represents the time either of solidification 
or of some other change taking place at constant tempera- 
ture. In Tammann’s earlier work these time lines were 
drawn from the horizontal temperature lines to which they 
referred, as shown in Fig. 3. This led to a certain amount 
of confusion, as one set of ordinates had to be used to 
indicate both time and temperature. In the more recent 
work of other metallographers the time curves are made 
a separate part of the diagram, as shown in Fig. 4. 

Since, as was stated on page 3, the time taken for a 
metal to solidify is proportional to the amount of material 
present when the cooling conditions are constant, it 1s 
obvious that the time of solidification of the aluminum 
will be greatest when its amount is greatest and will 
decrease to zero when only lead is present. The triangle 
that is formed by drawing a line through the ends of the 
time perpendiculars is useful in several ways. From it 
may be determined not only how much time will be 
required for any alloy in the series to solidify, no matter 
what its composition, but also, what is more important, 

1 Zt. Anorg. Chem., 37 (1903), 303; 45 (1905), 205; 47 (1906), 289. 
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the percentage composition of the alloy. In order to 
determine this composition, an equal weight of the unknown 
specimen is cooled under conditions identical with those 


«<Time> 


Temp. 


Composition 
Fic. 3.—Aluminum-lead diagram. 
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Composition 
Fig. 4.—Aluminum-lead alloys. The ordinates of the triangles marked ‘‘time 
in seconds”’ correspond to the horizontal lines in the curves of Fig. 2. (Gwyer.) 


used in establishing the diagram, the time interval on its 
cooling curve is noted and the percentage composition 
corresponding to the same time interval on the equilibrium 
diagram is found. The point at which the ordinate of the 
time triangle has the same length as the unknown time 
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interval indicates the percentage composition of the alloy.. 
This is the fundamental idea of thermic analysis, and, 
while the results do not compare in accuracy with ordinary 
quantitative methods, it is quite possible, in those instances 
in which it is applicable, to get results rapidly and with a 
degree of accuracy that is often sufficient for commercial 
alloy work. 

The complete equilibrium diagram makes it possible 
to predict the physical condition of any alloy in the series 
at any temperature included in the diagram. This 
question of the interpretation of diagrams is one of the 
greatest importance to the metallographer. Consider 
as an example the behavior of an unknown alloy (Fig. 4) 
during its cooling from a temperature @ to the tempera- 
ture @. Since the diagram shows that in all mixtures of 
this series the first heat evolution occurs at the tempera- 
ture indicated by the line AB, it follows that all alloys 
above that line, and, therefore, this alloy, will be in the 
liquid condition at the temperature @. When the tem- 
perature has fallen to that indicated by AB, or point @® 
on the dotted line, an evolution of heat occurs. Since this 
evolution of heat takes place at the same temperature for 
all alloys of the series and corresponds to the freezing point 
of aluminum, the assumption is justified that below the 
point @ the mass consists of crystals of aluminum floating 
on liquid lead. That this assumption is correct may 
be shown by removing some of the solid material at any 
temperature lower than that of point @ and higher than 
point @. It will be found to be pure aluminum. At 
point @ on the line CD a second heat effect is noted. 
This point corresponds to the freezing point of lead. The 
same line of reasoning as before shows that this effect 
represents the solidification of the lead which the mixture 
contained. As no further heat changes are shown on the 
diagram it may be assumed that alloy @ is a solid mixture 
of aluminum and lead. 
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The diagram as drawn gives the following general 
information with regard to alloys of aluminum and lead. 
At any temperature above that indicated by AB, every 
alloy of aluminum and lead will consist of a mixture of 
molten aluminum and molten lead, and in this particular 
alloy series it will consist of two distinct liquid layers 
owing to the great difference in the specific gravity of the 
two metals. In the area between AB and CD all alloys con- 


Fre. 5.—Aluminum-lead alloy. Mag. 75 x.! 


sist of a mixture of solid aluminum and molten lead, the 
relative amounts of the two metals varying with the per- 
centage composition. In the temperature range below 
CD the alloy is made up of solid lead and solid aluminum. 
Unless the alloy is vigorously stirred during the solidifica- 
tion, the solid will be found to consist of two distinctly 
separate layers. 

After the construction of the diagram, or frequently 
in practice simultaneously with its construction, a micro- 
scopic study of the solid alloys is made. A highly polished 
surface free from scratches is obtained on which the internal 


1 “Mag. 75 X” means ‘‘magnified 75 diameters.” 
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structure of the alloy is brought out by treatment with 
suitable etching reagents which attack one constituent 
more than the other and produce in this way depressions 
in the surface, color changes of the constituent attacked, 
or other differences which are noticeable under the micro- 
scope. The method of polishing the specimens and pre- 
paring them for microscopic examination will be considered 
in the section on Laboratory Methods (p. 230). The 
preceding photomicrograph (Fig. 5) of an aluminum-lead 
alloy shows the way in which the microscope is used to 
confirm the results obtained by temperature measurements. 
As was to be expected from the diagram, the microscope 
shows two distinct layers, the dark lead at the bottom and 
the lighter colored aluminum above it. 

While it is probably true that no two metals are abso- 
lutely insoluble in each other, either in the liquid or in the 
solid state, the solubility in the case just described is so 
slight that for practical purposes it may be disregarded. 
There are many alloys of this class but those of copper and 
lead are the only ones of technical interest. 

Plastic Copper.—In an important group of alloys known 
as the plastic coppers, the constituents are copper and lead. 
As in the case of aluminum and lead, the two metals are 
but slightly soluble in each other when melted so that the 
resulting alloy may be considered as of the nonmiscible type 
just described. The essential difference between the useful 
copper-lead alloy and the useless aluminum-lead alloy is 
that the densities of lead and copper are so much more 
nearly the same that, if the cooling of the metal emulsion 
takes place rapidly enough, the lead will be found uniformly 
distributed throughout the copper in the form of almost 
spherical drops. These alloys containing from 15 to 30 
per cent lead are used successfully in various types of 
bearings, especially in airplane construction. A quite 
similar group of alloys known as the plastic bronzes will be 
discussed later (p. 77). 
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The Eutectic Alloy.—The next type of alloy to be 
considered is that in which the two metals are completely 
miscible in the liquid state and completely nonmiscible 
or insoluble in each other in the solid state. It is a well- 
known fact that in most cases in which one substance is 
dissolved in another the freezing point of the solvent is 
lowered. This phenomenon is illustrated by salt solutions 
in which the addition of common salt progressively lowers 
the temperature at which ice forms, the minimum tem- 
perature of —22°C. being reached when the solution 
contains 23.5 per cent salt. Numerous alloys behave in 


Temperature, deg. C. 


Fra. 6.—Cadmium-bismuth cooling curves. 


the same way. An excellent example of this relationship 
is found in alloys of bismuth with cadmium. If a small 
amount of bismuth is added to molten cadmium, the 
freezing point of the latter is lowered, and increasing 
quantities of bismuth still further lower this freezing point. 
If, on the other hand, a small amount of cadmium, is 
added to pure bismuth the freezing point of the bismuth 
is also lowered and is progressively decreased by the addi- 
tion of increasing quantities of cadmium. The effect of the 
addition of each metal to the other is shown in the series 
of curves of Fig. 6. It is obvious that since each metal 
lowers the freezing point of the other, the lines connecting 
these freezing points must intersect at some point as shown 
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by the dotted lines in the drawing Fig. 6. This point 
of intersection is one of great interest and importance 
and has been called the eutectic point. The alloy corre- 
sponding to the composition at which the two lines inter- 
sect is the eutectic alloy, and the temperature is the eutectic 
temperature. The eutectic alloy then is the lowest melting 
alloy in a series. If the data given by the cooling curves 
are assembled in the form of an equilibrium diagram, as 
before, this takes the form shown in Fig. 7. The signifi- 
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Fie. 7.—Cadmium-bismuth diagram. 


eance of this type of diagram can be understood most 
readily by considering the physical changes that take 
place in a few special cases as, for instance, during the 
cooling of alloys @, @, and @ in Fig. 7. Since the lines 
AB and BC were obtained by connecting the beginnings of 
freezing of the separate alloys, it is evident that the area 
above these lines represents a temperature range in which 
everything is in the molten condition. These two lines 
constitute the liquidus. As the temperature of alloy @ 
falls no change takes place until the line AB is reached, at 
which temperature pure cadmium begins to separate. The 
result of the separation is to leave a solution richer in 
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bismuth than the original solution and, therefore, one 
that has a lower freezing point. Pure cadmium continues 
to separate with the consequent formation of solutions 
increasingly rich in bismuth and therefore with lower 
freezing points. The fact that the solution from which 
the cadmium is crystallizing is of constantly changing com- 
position is the reason for the shape of the cooling curves 
(see Fig. 6) in alloys of this type. The curve is not a 
horizontal line as in the case of a pure metal, but, as it 
represents an infinite number of freezing points, it appears 
in the form of a change in the direction of the normal curve, 
or as a hold, as it is often called. As the liquid from which 
the cadmium is separating becomes richer in bismuth, it 
approaches the eutectic composition indicated by B. 
Since this represents the lowest possible temperature at 
which cadmium and bismuth alloys can solidify, it is 
evident that when the residual liquid finally reaches the 
eutectic composition it will solidify at this constant tem- 
perature. The same reasoning applies to alloy @ except 
that in this case the bismuth crystals separate first. The 
primary separation of bismuth is followed by an enrichment 
of the remaining liquid with cadmium until the eutectic 
composition is reached again. At the composition @ no 
change takes place until the eutectic temperature is reached 
when cadmium and bismuth solidify simultaneously in the 
form of the eutectic mixture. The line DBE (the eutectic 
line) represents that temperature below which the alloy is 
solid and is therefore called the solidus. 

To summarize the statements made above, it may be 
said that any alloy having a composition between D and 
B shows two heat evolutions on cooling, one which corre- 
sponds to the primary separation of cadmium and a second 
which is due to the solidification of the liquid of eutectic 
composition. The amount of residual material having the 
eutectic composition becomes greater as the composition 
approaches that of the point B. Since primary cadmium 
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separates along the line AB and primary bismuth along 
the line CB, the point B, which is common to both lines, 
represents a temperature at which bismuth and cadmium 
solidify simultaneously from the liquid. The separation 
of either cadmium or bismuth as one of the eutectic con- 
stituents is called a secondary separation. 

Because of the constant temperature at which the 
eutectic separates, it was formerly believed that the 
eutectic was acompound. The microscope shows that this 
is not the case but that, on the contrary, the eutectic alloy 
is an intimate mixture of the two component metals. 
Since the eutectic is a mixture of the two metals, and since, 
as shown in the diagram, the eutectic line extends from one 
side of the diagram to the other, it follows that, while 
cadmium and bismuth are wholly miscible and soluble in 
each other in the liquid state, they are wholly nonmiscible, 
or insoluble in each other, in the solid state. That the 
metals are insoluble in each other in the solid state must be 
true, as the diagram shows that, however small an amount 
of either metal is added to the other, there is always the 
secondary heat effect at the eutectic temperature. 

The practical application of the time curves is much 
more evident from this diagram than from the preceding 
one. As the time taken for the eutectic to solidify increases 
as the composition approaches that of the eutectic, it 
follows that the time curve has its maximum at the eutectic 
composition and is zero at the pure metals. This fact is 
useful in the construction of the diagram of two unknown 
metals. Formerly, the location of the eutectic point was 
a matter of repeated trials with no advance information 
as to the probable location of the point. With the intro- 
duction of the time line idea the question is much simplified. 
It is necessary to determine the time lines for only a few 
alloys. The time taken for the eutectic to freeze in each 
case is plotted against the composition, and the intersection 
of two oblique lines drawn through these points will 
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represent a composition approximately that of the eutectic, 
so that its exact determination, if that is desired, is a 
matter of a very few additional experiments. 


CADMIUM-BISMUTH ALLOYS. Maa. 100%. Ercuep witH 
FECL; 


Fig. 8.—Bismuth 90 per cent + Fic. 9— Bismuth 80 per cent + cad- 
cadmium 10 per cent. Primary mium 20 per cent. Primary bismuth 
bismuth (light) embedded in eutectic. (light) embedded in eutectic. 
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Fie. 10.—Bismuth 60 per cent ae Fig. 11.—Bismuth 25 per cent + 
cadmium 40 per cent. Butectic cadmium 75 per cent. Primary cad- 
structure. mium (dark) embedded in eutectic. 


The miscroscopic structure of these alloys is exactly 
what would be predicted from the diagram. All alloys 


from pure bismuth to the eutectic composition show 
primary bismuth crystals surrounded by more or less of 
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the eutectic B, depending on the composition (Figs. 8 
and 9). Alloys from the cadmium side to the eutectic show 
primary cadmium crystals embedded in the eutectic (Fig. 
11). The alloy having the composition B shows simply 
the fine-grained eutectic structure without primary crystals 
of either metal (Fig. 10). The cadmium-bismuth alloys 
are of little commercial importance. Almost exactly the 
same relationship exists between lead and antimony. 
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Fic. 12.—Equilibrium diagram of the copper-copper oxide system. 


Because of the importance of hard lead, these alloys are 
extensively used. Antimony is too brittle to be useful 
alone but, because of its hardness, it gives to lead properties 
that are very desirable for certain purposes. The alloys 
are used for acidproof coatings, for type, and for light 
bearings. 

Another important series of alloys of the same class are 
those of the copper-copper oxide system. Figure 12 shows 
that the eutectic contains 3.5 per cent copper oxide and 
freezes at 1064°. The photomicrograph of pure copper 
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(Fig. 13) shows the characteristic polygonal structure of a 
pure metal. 

Figure 14 is that of copper containing a small amount of 
eutectic. Figure 15 shows an increasing amount of the 


CopPEeR-copprER OxipE AuLoys. Maa. 100. Evcurep wit 
NH,OH + H,0, 


Fria. 13.—Pure copper. Fie. 14.—Pure copper (light) + 
eutectic (dark). 


Fie. 15.—Pure copper (light) + Fic. 16.—Eutectic (copper oxide, 
eutectic (dark), dark particles; copper, light). 


eutectic. Figure 16 shows the eutectic only, while Figs. 
17 and 18 show eutectic with an excess of copper oxide, 
Cu.O. The presence of copper oxide in copper greatly 
decreases its electrical conductivity so that the microscopic 
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examination of the metal is of service in determining its 
purity. 

Normally, when a molten metal solidifies, crystallization. 
starts at the cooler walls of the containing vessel and at a 
series of points or crystal centers in the melt itself. The 
solidification proceeds outwardly from these centers until 
a growing grain is stopped by contact with a grain growing 
from an adjacent nucleus. The lines of contact between 


CoprEeR-cOPPER OxipE AuLLoys. Mac. 100%. Ercuep witH 
NH.OH + H.O, 


Fic. 17.—Eutectic with excess (dark Fic. 18.—Eutectic with excess (dark 
masses) of copper oxide. masses) of copper oxide. 
adjacent grains are the grain boundaries. It can be said, 
in general, that the slower the cooling, the larger the grains, 

and that fine-grained material indicates rapid cooling. 

The two examples just given illustrate in a general 
way the factors that are commonly determined in the 
study of alloys. Many other types of alloy diagrams 
have been worked out; these deal with the formation of 
intermetallic compounds, solutions of one metal in another, 
transitions of one compound into another, either during 
the solidification of the alloy or after it has completely 
solidified, and other possible changes that may take place. 


CHAPTER II 


THE ALLOY DIAGRAM AND ITS MEANING 


In Chapter I the construction of two simple alloy 
diagrams was outlined. The first was the diagram repre- 
senting the melting of two metals that do not dissolve in 
each other either in the liquid or in the solid state. The 
second, usually referred to as the eutectic diagram, repre- 
sented graphically the behavior of two metals that dissolve 
completely in each other in the liquid (molten) state but 
are wholly insoluble in the solid state.! 

The Phase Rule.—lIn addition to these simple types (the 
two layer and the eutectic), various other combinations 
of two or more metals are possible. The relationships are 
most readily indicated, especially in the more complicated 
cases, by means of the alloy or equilibrium diagrams. An 
exceedingly useful principle to help in the interpretation 
of these diagrams was developed by Willard Gibbs many 
years ago and is generally known as the phase rule. It 
should be stated in advance that the principle applies in its 
exact sense only to conditions of complete equilibrium and 
that such conditions are seldom, if ever, reached in alloy 
systems. Nevertheless, the phase rule is often so valuable 
in spite of its limitations that an understanding of it in its 
simplest form is essential.2 

The general statement of the phase rule is as follows: 


Pe 


‘It is probably not true that any two metals are wholly insoluble in each 
other in the solid state, but in many cases the solubility is so small that it 
escapes detection. 


? For a detailed discussion see Finpuay, ‘‘The Phase Rule and Its Applica- 
tions.” 
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in which V represents variance or the number of degrees 
of freedom, C the number of components, and P the number 
of phases. In the general case, these factors are often 
difficult to define, but in the application to metallic alloys 
no such difficulty is encountered. The components C 
are obviously the metals. The degrees of freedom are the 
independent changes that the alloy can undergo, namely, 
changes of temperature, concentration, and _ pressure. 
Since vapor can be neglected with most alloys and since the 
pressures commonly met in alloy practice are too small to 
have any appreciable effect, changes in pressure can be 
omitted, reducing the variables (degrees of freedom) to 
temperature and concentration. A phase is defined as a 
homogeneous, physically distinct substance. In dealing 
with alloys, it may be a pure metal, a metallic compound, or 
a solid solution. In addition, each physical state of the 
substance, whether solid, liquid, or gas, constitutes a 
separate phase. 

Neglecting the vapor phase and the effect of pressure, 
the phase rule for alloys may be reduced to the simple 
form 


V=C+1-P 


The number of components in a binary alloy is two, so the 
expression is still further simplified and takes the form 


Y=3-P 


A concrete illustration of the use of the phase rule is 
given in the following diagram, Fig. 19. A point at 
X lies in the liquid phase. Substituting 1 in the simplified 
expression, it becomes, V =3—1=2. In words, the 
alloy now possesses 2 degrees of freedom. Both tempera- 
ture and composition can be varied within the area bounded 
by AEB and the alloy will stay molten. This field then 
represents an area of divariant equilibrium. At the point 
YX, on the line AZ, the solid is beginning to separate but is 
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in contact with the liquid. Two phases, solid and liquid, 
are present, and the expression becomes, V = 3 — 2 = 1. 
The alloy now has only 1 degree of freedom, for any change 
in temperature is accompanied by a change in concentration 
along the line AH, and a change in concentration necessi- 
tates a change in temperature. The lines AH and BE are 
therefore lines of monovariant equilibrium. At the point #, 
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| 
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may change ) 


Monovariant 
Xs (Temp. or conc. 
may change but 
not both 
independently ) 


Temperature 
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Non-variant Triple point 
(Neither temp, (Liquid and two 
nor. cone, Solids may exist here) 
may change) 


Concentration 
Fig. 19.—Phase-rule diagram for binary alloys. 


the eutectic point, or at any other point on the eutectic line 
CED, two crystal phases, A and B, are in contact with a 
liquid phase of composition HZ. (Solid E contains A and 
B in the form of very fine crystals.) Under these condi- 
tions, the expression becomes V = 3 — 3 and the system 
becomes nonvariant. Neither the temperature of the 
mixture nor the composition of the three phases can 
change until one of the three phases has disappeared. 
The temperature cannot fall until all the liquid phase # 
has solidified nor can it rise without the disappearance of 
either A or B. It must not be understood that the mixture 
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can have only the composition represented by the point £. 
It may have any composition along the line CD, but 
the composition of each phase remains the same, 
the difference in original composition producing changes 
in the relatine amounts of the three phases. The line CD, 
therefore, is a line of nonvariant equilibrium. 

One of the principal uses of the phase rule is to deter- 
mine whether or not true equilibrium has been reached. 
It is evident that, since an alloy with less than 0 degrees 
of freedom is an impossibility, there can never be more than 
two solid phases in contact with, or separating from, a 
two-component liquid metal. Therefore, in a case like 
that indicated in Fig. 34, page 39, and illustrated in Fig. 35, 
page 41, the presence of three phases, in the microscopic 
section of the solid alloy, is a positive indication of incom- 
plete equilibrium. 

The Solid Solution.—The two-layer diagram (p. 6) 
shows that the metals are insoluble, both in the molten 
and in the solid states. The eutectic type (p. 11) indicates 
that the metals are soluble in each other in all proportions 
in the molten state but wholly insoluble after solidification 
has been completed. A third relationship which may 
exist between metals is a partial or complete solubility 
of one metal in the other in the solid state as well as in the 
molten condition. This relation is known as the formation 
of a solid solution. The solid solution differs from the 
liquid solution simply in its physical condition. Like 
a liquid solution, it is perfectly homogeneous and may be 
unsaturated or saturated. 

Consider as an example of this class of alloys the impor- 
tant group of lead-tin alloys in which will be found the 
common solders. Figure 20 gives the diagram! of this set 
of alloys as constructed from the cooling curves. This 


1A recent diagram in the “National Metals Handbook,” p. 1274, 1933, 
shows the solid solubilities of tin in lead to be 19.5 per cent and of lead 
in tin to be 2.6 per cent. 
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differs from the simple eutectic diagram shown in Fig. 7, 
page 11, only in the location of the sloping line AB, the 
significance of which is merely that melted lead, having 
tin in solution, is able to retain about 11 per cent of it 
after solidification. This diagram, like that of the eutectic 


100 90 80 70 60 50 40 30 20 10 0 
Composition Sn 


Fia. 20.—Lead-tin diagram. 


alloys, may be studied conveniently by considering the 
changes taking place during the cooling of the alloys @, 
@, @, @, and © (Fig. 20). When an alloy containing 
about 8 per cent of tin is at the temperature indicated 
by @, it is completely liquid. When the point a is reached 
the alloy begins to solidify. The fact, however, that 
distinguishes the cooling of an alloy which is to form 


THE ALLOY DIAGRAM AND ITS MEANING 23 


a solid solution from a simple eutectic alloy is that the 
crystal that first begins to separate, in this case at the point 
a, is not a pure metal but is a solid solution, the composition 
of which is represented by the point a’. It should be 
noted, in this connection, that at the temperature corre- 
sponding exactly to the point a there is actually no sepa- 
ration of solid but that when the temperature falls ever 
so slightly below this point solid begins to form and 
increases in amount with the falling temperature. Since 
the amount of solid formed at first is so extremely small, 
the experimental determination of its composition would 
be difficult. When the temperature has fallen to the 
point b, enough solid could be separated from the remaining 
melted metal for analysis. The composition would be 
found to correspond closely to that indicated by 6’. As 
the mass of metal continues to cool, the composition of the 
crystals changes along the line AB, which includes the 
points a’, b’, and c’, and that of the liquid along the line AH 
containing the points a, b, and c. 

Since the average composition of the final solid alloy 
must be the same as that of the original melted metal ©, 
it follows that at the point c’ the last trace of melted metal, 
the composition of which is c, disappears. The relations 
between liquid and solid just described are often considered 
in terms of equilibrium. It may be said that crystal a’ 
is in equilibrium with liquid a, crystal b’ with liquid 6, 
and crystal c’ with liquid c. In other words, at the tem- 
perature represented by the line b'b crystals of 6’ will 
stay unchanged indefinitely in a liquid of the composition 
b. This stable relationship between crystals and melt 
would not exist between b and b’ if the temperature was 
changed in the slightest degree, nor if the temperature 
was kept constant could any lead-rich liquid and solid of 
different compositions from those corresponding to b-b’ 
exist together. Because of the fact that a’, b’, and c’ 
represent the compositions of the solids in equilibrium 
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with the liquids a, b, and c respectively, the name solidus 
has been given to the line connecting the points A, a’, b’, c’, 
B, E, D and liquidus to the line AabcEC, connecting those 
points which represent the compositions of the liquids with 
which these solids are in contact. 

The perpendicular line ac’ is one of great importance in 
interpreting the diagram. It is possible to state the rela- 
tive quantities of liquid and solid that can exist together 
at any given temperature within the solidification range. 
It is evident that the amount of crystal a’ existing in the 
presence of the liquid a must be infinitely small as these 
points represent the beginning of the change from the 
liquid to the solid form, and it is equally true that at the 
temperature cc’ the amount of liquid is infinitely small as 
this represents the temperature at which the freezing is 
completed. Between these extremes lie all possible rela- 
tionships between solid and liquid. These relationships, 
however, are graphically represented by the horizontal 
lines left and right from the line ac’ to any pair of liquid and 
solid phases in the series. The distance from a to a is 
zero, indicating that there is no solid, the distance from 
c’ to c’ is also zero showing that there is no liquid, while the 
distance ob (right from the line ac’) shows the relative 
amount of solid of composition b’ as compared with 0b’, the 
amount of liquid of composition b. 

This diagram will serve as an excellent example of the 
application of the phase rule. In this connection two rules 
suggested by Hoyt in his ‘‘ Metallography’’! will be found 
helpful. 

“Rule I. In a Field of Heterogeneous Equilibrium, to 
Determine the Compositions of the Two Phases which are 
Stable at any Temperature.—Draw the temperature 
horizontal; its intersections with the two conjugate lines 
bounding the heterogeneous field, will give the points 


' Hoyt, “Metallography,” Part I, p. 12, McGraw-Hill Book Company, 
Inc., New York; 1920. 
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representing the compositions of the two phases which 
are in equilibrium at that temperature. 

“Rule II. To Determine the Relative Amounts of the 
Two Phases. Draw the concentration vertical (or ‘Char- 
acteristic line’) representing the total concentration; 
the relative amounts of the two phases may be ascertained 
from the ‘lever relationship’ using the two intersection 
points as the points of application of the two loads, and 
the intersection of the total concentration vertical and 
temperature horizontal as the fulerum point. The loads 
required to maintain a balance, expressed in per cent, 
as computed for the two lever arms, give directly the 
relative amounts of the two phases.”’ 

In the diagram, Fig. 20, the area above the lines AEC 
indicates a single phase. There are, therefore, two degrees 
of freedom so that both temperature and composition may 
be varied without changing the physical character of the 
phase. Lines AH and CE, showing the beginning of 
freezing, represent a situation in which a liquid phase and 
a solid phase exist together. The number of phases is 
now two; the number of degrees of freedom, therefore, is 
1, and monovariant equilibrium exists. ‘Temperature may 
change with an associated change in the composition of the 
two phases, or the composition may change with a corre- 
sponding change in temperature, but both temperature and 
composition cannot change independently. At point H 
three phases, solid D, solid B, and liquid E exist together. 
With two components, lead and tin and the three phases, 
the rule shows that there can be no degrees of freedom, so 
that E represents nonvariant equilibrium. 

In the meaning of Rule I lines AB and AE and lines CE 
and CD are conjugate lines as they bound the two hetero- 
geneous fields in which liquid and solid exist together. 
The lines a’a, b’b, and c’c are the temperature lines of Rule I 
and the points of intersection with the conjugate lines 
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AB and AE show the compositions of liquid and solid 
phases that are in equilibrium at the temperatures given. 

Rule II may be used to show the amounts of liquid and 
solid existing at any given temperature. @-@ is the 
concentration vertical (‘‘characteristic line’) and the dis- 
tances ob and ob’ show the relative amounts of solid b’ and 
liquid 6 in accordance with the lever law: 


The amount of 5’ _ ob 
The amount of b ob’ 


Temperature horizontals intersecting @-@ could be used 
in the same way to determine the relative amounts of tin 
and liquid occurring together in the field CED. 

The nature of the solidification of a solid-solution crystal 
naturally determines the shape of its cooling curve. When 
a pure metal or a eutectic mixture solidifies, the crystal 
separating and the liquid from which it separates have the 
same composition, and, following well-established laws, 
the temperature stays constant during freezing and appears 
as a horizontal line on the temperature-time curve. In 
the freezing of solid solutions, however, the solidifying 
crystal changes its composition constantly as does the 
solution from which it is crystallizing. The solidification, 
then, is not that of a single solution but of an infinite 
number of solutions having a corresponding number of 
freezing points. The effect of this sort of freezing is to 
produce a curve that shows, not a horizontal line, as in 
the case of a pure metal, but an oblique line indicating a 
change in the normal cooling rate during the solidification 
interval. The normal curve of a solid-solution alloy is 
shown in Fig. 21, in which point a represents the beginning 
of the freezing and point M the end, after which the normal 
cooling rate is resumed. The perpendicular distance 
between a and M is shown by the line ac’ and represents 
the temperature drop during the process of solidification. 
Point a, then, represents one point on the liquidus (Fig. 20), 
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and M orc’ a point on the solidus. By constructing 
a number of freezing-point curves and determining the 
temperatures at which freezing begins and at which it 
ends in each, the liquidus and the solidus can be located. 

The mechanism of the cooling of alloy@ is the same as 
that of @. The solid alloy differs from @ only in that the 
lead in @ is capable of dis- 
solving more tin and is there- 
fore an unsaturated solid 
solution, while in @) the lead 
is not able to hold any more 
tin in the solid state at this 
temperature and is therefore 
a saturated solid solution. 
Alloy @ starts to solidify in 
the same manner as alloys @) 
and @, and cooling then 
takes place exactly as in the eutectic alloy. Since, 
however, it contains more tin than is needed to form 
the primary saturated solid solution, the temperature 
falls to that corresponding to BD when the remaining 
liquid solidifies to form the eutectic H, one constituent of 
which is pure tin, the other the secondary saturated solid 
solution of tin in lead. The behavior of alloys ® and ©@ 1s 
exactly analogous to the freezing of simple eutectic alloys, 
differing only in that one component of the eutectic is a 
saturated solid solution, in this case, of tin in lead. 

Of the many mixtures of lead and tin used for soldering 
purposes, two may be taken as typical. That with 38 
per cent lead corresponds to the eutectic H# and because 
of its low melting point is commonly called tin solder. 
Plumbers’ solder contains approximately 67 per cent lead 
(2 parts of lead to 1 of tin). The diagram shows that 
this particular alloy @-@ does not change suddenly from 
a liquid to a solid as does the eutectic alloy but that it 
freezes slowly through the temperature interval FG, a range 


Temperature 


Time in Seconds 
Fic. 21.—Type of solid-solution curve. 
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equal to about 100°C. In thisinterval, the alloy is composed 
of lead-rich crystals carried in melted metal, producing 
the pasty consistency that makes the plumber’s wiped 
joint possible. 

An alloy in which two metals are partially soluble in 
each other is that of the copper-silver series, as represented 


by the diagram Fig. 22. This alloy differs from the lead- 
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tin series only in that, in this case, each metal dissolves the 
other to a limited extent (about 9 per cent). Changes 
taking place in an alloy containing less than 9 per cent 
copper on the one hand or less than & per cent silver on the 
other are exactly similar to those taking place during the 
freezing of the solid solutions of tininlead. This fact would 
be predicted from the diagram since the solidus is repre- 
sented by the lines AB, BD, and DC, and therefore any 
alloy containing less than 9 per cent copper in the one case 
or less than 8 per cent silver in the other would be solid 
before the eutectic temperature is reached. The extent 
of solubility of the metals in each other may be determined 
in two ways. First, since there is no separation of a 
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second crystal form until the concentrations represented 
by points B and D are exceeded, it follows that no evolution 
of heat will be noticed on the cooling curve at the eutectic 
temperature (779°C.) until the limit of solubility has been 
reached. Or, conversely, if a horizontal line is drawn 
through the points locating the eutectic temperature, the 
ends of the line will be found at points B and D, the limits 
of the solid solution. The second method of locating the 
limit of solubility in the solid state is by microscopic exam- 
ination. The microscopic appearance of the copper-silver 
alloys is exactly what would be expected from the diagram. 
From 100 per cent silver to 91 per cent silver the alloys 
are homogeneous if the cooling is slow enough for equilib- 
rium to be established. From 91 per cent silver to 71.9 
per cent the solid alloys show gradually decreasing quanti- 
ties of the saturated solid solution embedded in the eutectic 
E. From 71.9 per cent to 9 per cent silver the solid alloys 
show gradually increasing amounts of the saturated solid 
solution of silver in copper embedded in the same eutectic 
E, and from 8 per cent silver to pure copper the alloys are 
once more homogeneous. When the limit of solubility is 
reached, the addition of the slightest excess of either metal 
to the other forms an alloy which is no longer homogeneous 
under the microscope but which will show indications of the 
eutectic. 

The microstructure of the silver-copper alloys is shown 
in Figs. 23, 24, 25, and 26. 

Severalof the silver-copper alloys are of commercial impor- 
tance. American coins and those of several European 
countries contain 90 per cent silver and 10 per cent copper. 
British coinage is, however, slightly richer in silver, con- 
taining 92.5 per cent. Several alloys of the same type are 
known, among them aluminum-tin, bismuth-tin, cadmium- 
tin, but except for the silver-copper and aluminum-tin, none 
is of technical importance. Aluminum with a low percent- 


age of tin has been used to a limited extent in making light 
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castings but is unsatisfactory because of the ease with which 
it corrodes. 


SILVER-coprpeR ALLOYS. Ercurep witH FECL;. Maa. 100 
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Fic. 23. Silver 30 per cent + Fic. 24.—Silver 60 per cent + 
copper 70 per cent. Dark masses copper 40 per cent. Dark masses 
are saturated 8 (copper-rich). Light are 8. Light area with dark spots is 
area with dark spots is eutectic. eutectic. 


Fic. 25.—Silver 71.9 per cent + Fic. 26.—Silver 90 per cent + 
copper 28.1 per cent. All eutectic. copper 10 per cent. Light is 
Dark particles are secondary 8 in saturated a@ (silver-rich). Eutectic 
eutectic. Light background is a. is dark in contrast to light a. 


The solubility of one metal in another may increase, 
as Shown in the series of diagrams in Fig. 27 until the 
condition indicated in IV is realized. The line BD, repre- 
senting the secondary or eutectic separation, has gradually 
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shortened with the increase in the mutual solubility of the 
two metals until in the alloy IV the line has disappeared 
wholly and X represents coincidence of the points B, H, and 
D, showing that the metals are soluble in each other in 
all proportions. Diagrams I and IV differ radically in 
this respect, that, although both show the two metals to 


IV 


Fic. 27.—Development of the solid solution. 


be soluble in each other in all proportions in the liquid state 
and, also, that each metal lowers the melting point of the 
other, diagram I indicates that the two metals are com- 
pletely insoluble in each other in the solid state, while 
diagram IV shows that the metals are completely soluble 
in each other in the solid state. Alloy # in diagram I 
is as inhomogeneous as possible, while X in diagram IV is 
perfectly homogeneous; it shows clearly that one of 
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the series of perfect solutions has a melting or a freez- 
ing point lower than any of the other solid solutions in the 
series. This is often referred to as the solid-solution 

The metals copper and manganese are completely soluble 
in each other in all proportions in the solid state, but each 


1300 


1200 
Liquidus 
| 


Degrees Cent, 
~ 
S 
oOo 


1000 


900 


10; 0. = 00 ae Bo ub ose 20.10 0 


Fia. 28.—Copper-manganese alloys. 


lowers the freezing point of the other, leading to the forma- 
tion of a solid-solution minimum like that shown in IV, 
Big. 27; 

The actual diagram is given in Fig. 28. The method of 
cooling along the line @ @ and ® @ and the changes 
taking place in the solidification interval between the 
liquidus and the solidus are exactly similar to those 
described in considering the cooling of the lead-rich solid 
solution in the lead-tin series. The primary separation 


THE ALLOY DIAGRAM AND ITS MEANING 33 


from alloy @ is a copper-rich crystal, while from alloy 
@) it is manganese rich. 

The alloy having the composition @ (copper 70 per cent, 
manganese 30 per cent) is unique in that it is the only 
one of the series in which the composition of the crystal 
first separating is the same as the liquid melt from which 
it comes. The freezing that takes place at M is, there- 
fore, analogous to the freezing of a pure metal, and its 
cooling curve is represented by two sloping lines con- 
nected by a horizontal. 

Microscopic Appearance.—The microscopic appearance 
of solid solutions is often misleading but is readily explained. 
If perfect equilibrium conditions are reached, the solid 
solution should, and does, resemble a pure metal. Con- 
sideration of the method of freezing makes it clear that. 
unless time is allowed for the readjustment of the varying 
crystal concentrations during freezing, the crystal has an 
inhomogeneous rather than a homogeneous structure. In 
the case of manganese-copper, rapid cooling of a copper-rich 
mixture produces an alloy showing leaf-like masses of a 
copper-rich alloy embedded in a ground mass of manga- 
nese-rich material. In cases of this kind in which not 
enough time has been allowed during the solidification 
period for the solid-solution alloy to become completely 
homogeneous, dendritic segregation is said to have occurred ; 
the inhomogeneous masses are called dendrites. This con- 
dition is shown in Fig. 30 (p. 35), Fig. 67 (p. 76), and Fig. 85 
(p. 86). A true solid solution can always be made homo- 
geneous by annealing, 7.e., heating for a suitable period of 
time at some temperature below its melting point, so that 
opportunity is given for the concentrations of the duplex 
crystals to equalize each other by diffusion. 

A limited use has been found for copper-manganese 
alloys of high copper concentration in firebox stay bolts. 
An alloy containing 82 per cent copper, 15 per cent man- 
ganese, and the rest nickel and iron is the interesting alloy, 
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manganin, which has a high electrical resistance and a 
temperature coefficient of almost zero. 

A second type of solid-solution diagram that might 
be expected would be one in which the addition of each 
metal to the other raised both melting points, producing a 
solid-solution curve with a maximum. This type has 
been found in only a few rare metal alloys of no industrial 
importance. 

A third and very important type of solid solution 
includes that class of metals that are mutually soluble 
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Fic. 29.—Copper-nickel alloys. (Guertler and Tamman.) 


in all proportions, but the diagrams of which show neither a 
maximum nor a minimum. A relation of this sort is 
shown in the copper-nickel alloys (Fig. 29). The mech- 
anism of cooling is exactly the same as in the case of the 
copper-manganese alloys, except that there is no alloy 
in the series that on crystallizing has the same composition 
as the liquid from which it separates. These copper- 
nickel alloys are of great technical importance. Some 
compositions are used for copper coins, an alloy containing 
20 per cent nickel is used for capping rifle bullets, and the 
alloy 60 per cent copper and 40 per cent nickel has high 
electrical resistance and a low temperature coefficient. 
Under the name constantan this latter is often used for 
electrical purposes and, coupled with copper or iron wire, 
forms an excellent thermocouple. One of the important 
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Canadian ores is of such a composition that smelting pro- 
duces a copper-nickel alloy containing about 67 per cent 
nickel, 28 per cent copper, and a small amount of iron, 
manganese, and cobalt. The alloy is known as monel 
metal (Figs. 30, 31) and is characterized by its marked 
resistance to corrosion and by the fact that it retains its 
strength at high temperatures to a remarkable degree. 
In this respect, it is better than any other copper-base 


Monet Metau. Etcuep with FECz;. Maa. 150 


Fic. 30.—Cast. Showsmarkedden- Fie. 31.—Rolled and annealed. 
dritic structure due to rapid cooling. Shows twinned crystals (see p. 84). 
alloy and much better than common steel. After it has been 
rolled and annealed, it has a tensile strength of 65,000 pounds 
per square inch, or better, with an elongation of 40 per cent. 
At 600°C., its tensile strength is still about 40,000 pounds; 
a low-carbon steel will decrease in strength to 16,000 pounds 
under similar conditions. Monel metal is used for valves, 
pump rods, pump liners, fittings for use with high-pressure 
steam, and to a large extent in hospital and restaurant 
tables, sinks, and other equipment. Because of its corro- 
sion resistance, it has been used in the form of circular disks 

to mark traffic lines on city pavements. 

That group of alloys in which the constituents show more 
or less complete solubility in each other includes by far the 
greater number of the technically important alloys. Steel, 
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brass, and the bronzes all belong in this class and will be 
discussed in detail in later chapters. Brief reference must 
be made here to a few of the less commonly used alloys of 
this class which are, nevertheless, important technically. 
Gold, with dissolved silver, is the basis of gold coinage and 
jewelry. White gold is an alloy of gold with about 18 per 
cent of nickel or with about 10 per cent of palladium. 
Of interest to the chemist are palau, the palladium-gold 
alloy used as a substitute for platinum; nichrome or 
chromel, the highly resistant nickel-chromium solid solu- 
tion much used in triangles for laboratory use, for crucible 
tongs, in heating coils for electric-furnace work, and for 
heat-resisting containers for various purposes; and stellite 
the cobalt-chromium alloy, which, because of its remarkable 
nonrusting properties, finds varied uses in the manufac- 
ture of cutlery, surgical instruments, and the like. Stellite, 
containing tungsten and iron, is also used in making 
metal-cutting tools, since it retains its hardness at high 
temperatures. 

Intermetallic Compounds.'—A large number of alloys 
contain or consist of definite intermetallic compounds 
of which more than 300 have been found. With few excep- 
tions, these alloys are technically unimportant, as they are 
for the most part hard, brittle, and almost wholly lacking in 
strength and ductility. They are interesting chiefly from 
the viewpoint of the student of valence, as many of the 
compounds, while relatively simple, show valence relations 
differing greatly from those that have been generally 
accepted, as, for example NaZnj:. 

The effect of the existence of a compound on the shape 
of the equilibrium curve depends on whether the com- 
pound does or does not decompose into its elements before 
its melting point is reached. If the compound does not 
decompose before it melts, the diagram is of the open- 


1 Descu, “Intermetallic Compounds,” Longmans, Green & Company, 
New York, 1914. 
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maximum type. If it does decompose before the melting 
point is reached, the diagram is said to show a suppressed 
maximum or to be of the transition type. 

The Open Maximum.—tThe alloys of tin and magnesium 
illustrate the first type. Tin and magnesium unite to 
form the compound SnMg,. This compound, which is 
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Fic. 32.—Development of open-maximum-type diagram (tin-magnesium alloys). 
(Grube.) 


homogeneous and behaves in every way like a pure metal, 
is completely miscible both with magnesium and with tin 
in the molten state but wholly insoluble in both in the solid 
state. In such a case two systems of the simple eutectic 
type as shown in Fig. 32A and B must be considered. 

If these two simple diagrams are combined as in C, Fig. 
32, the result is a typical compound diagram showing a 
maximum at a point corresponding to the compound 
SnMg». In laboratory practice, there are four indications 
of the existence and composition of a compound of this 
type. Representing the two metals as A and B and the 
compound as AmBn and assuming that AmBn does not 


38 PRINCIPLES OF METALLOGRAPHY 


dissolve either A or B to form a solid solution, it will be 
seen that: 

1. The compound AmBn lies at the maximum of the 
liquidus curve. 

2. The eutectic temperature-hold corresponding to a 
eutectic between AmBn and A becomes zero at A and at 
the composition AmBn. 

3. The eutectic between AmBn and B also disappears 
at AmBn. 

4. The alloy corresponding to AmBn is the only one 
that is microscopically homogeneous. 

Unfortunately, the methods of 
locating the compound are seldom 
as exact as in this case. Far 
more often the compound will 
dissolve one or both of the metals 
from which it is made, to form 
solid solutions, as indicated in Fig. 
33. Under these circumstances, 
criteria 2, 3, and 4 disappear, as 
neither eutectic H,; nor eutectic EZ; 
ends at the composition AmBn, and the alloy ishomogeneous 
not only at AmBn but also throughout the entire range 
between D and F. In such a case, the intersection of 
the maximum curve with its tangent, drawn parallel to the 
concentration axis, indicates the composition of the 
compound. This point will invariably be found to lie at, 
or very near, a composition corresponding to a simple 
atomic relationship. The portions of the solidus below 
the eutectics shown in Fig. 33 are indicated by dotted 
lines as in many cases of this type the actual slope has not 
been determined. The usual solubility relations would 
Suggest an increase of solid solubility with rising tempera- 
ture. This is by no means always true, however, as in 
many alloy systems that have been studied in detail it has 
been found that solid solubility decreases with increasing 
temperature. 


Fig. 33.— Open-maximum 
type with solid solutions. 
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The Suppressed Maximum or Transition Type.——This 
is perhaps one of the most difficult of all alloy types to 
understand, and, because of experimental difficulties to be 
referred to shortly, its diagram is unsatisfactory to con- 
struct. An ideal case is illustrated in Fig. 34. 

The metals A and B unite to form a compound AmBn, 
but, instead of melting as a homogeneous alloy, the com- 
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Fig. 34.—Diagram showing concealed maximum. 


pound decomposes into its elements at a temperature CD 
below its melting point. ‘The result is that, instead of 
passing directly from a solid compound into a molten metal, 
it changes at the temperature C'D into a liquid of composi- 
tion D and a solid of different composition from the original 
solid, namely, the metal A. Conversely, when a mixture 
of the composition AmBn is cooled from the liquid state, 
the temperature falls normally until the point J on the 
line AD is reached. Here, as the diagram shows, pure A 
begins to separate, and the concentration changes in the 
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usual way until the point D is reached. The temperature 
has now fallen to that point at which the compound AmBn 
can exist and the tendency for it to form is so great that a 
reaction takes place between the solid crystals of A, which 
are in suspension, and the liquid of the composition D. 
Since the crystals A are obviously far poorer in B than is 
the compound and since the liquid D is much richer in B 
than the compound, a reaction between the two to form 
the compound causes the complete disappearance of both. 
If the original mixture has a composition F, richer in 
metal A than the compound, not all of the A crystals can 
be used up by the liquid D, and the solid alloy is a mixture 
of A and AmBn. If, on the other hand, the original 
mixture has the composition G, containing less A than 
corresponds to the compound, it follows that the A crystals 
which separate first along the line AD will be wholly dis- 
solved by the liquid D and a certain amount of excess 
liquid will be left. Crystallization then proceeds along 
the line DE until the eutectic is reached, when the eutectic 
(a mixture of AmBn and B) separates. 

Since D represents that point at which the pure metal 
A reacts with the liquid and is transformed into the 
compound AmBn, D is often called a transition point and 
AmBn a transition product. This type of reaction is often 
called the peritectic type with the temperature of trans- 
formation described as the peritectic temperature. 

As was the case with the open maximum, there is no 
difficulty in locating the compound in the ideal type of 
concealed maximum just considered, because the tempera- 
ture change corresponding to the eutectic E is 0° at the 
composition of the compound and because, as in the first 
case, the compound is the only homogeneous alloy in the 
series. The time during which the temperature stays con- 
stant, while the transformation on the line CD is taking 
place, is longest under ideal conditions at the composition of 
the compound, dropping to zero at points C and D. 
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Solid solutions complicate the suppressed-maximum 
diagram as they do the open-maximum diagram, but there 
is the additional serious difficulty of incomplete trans- 
formation at the point D. This is readily understood from 
the nature of the reaction taking place at this point. The 
pure crystals of A begin to dissolve in liquid D to form the 
compound. This formation takes place on the surface 
of the crystal, and not infrequently the compound forms 
a coating around the crystal protecting it from further 


Fig. 35.—Sketch illustrat- Fig. 36.—Antimony 50 per 


ing the phenomenon of “‘sur- cent + tin 50 per cent. 

rounding.” Shows SbSn inclosing crystals 
of antimony. The _ black 
ground mass is a tin-rich solid 
solution. 


reaction with the solution D as indicated diagrammatically 
in the sketch (Fig. 35) and actually in the photomicro- 
graph (Fig. 36). 

This phenomenon is known as surrounding and makes 
the location of the compound exceedingly difficult for 
several reasons. First, the time during which the tem- 
perature remains constant at the transition point is 
normally longest at the composition of the compound but 
is greatly reduced if the transformation is incomplete, 
and, instead of decreasing regularly to the left and right of 
the compound, changes so irregularly that the time curve 
is of no value. Second, since more of the liquid is left 
than corresponds to true equilibrium, the eutectic line 
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HEK (Fig. 34) extends to the left of its normal limit in 
some such way as is indicated by the dotted line KK. 
Finally, the alloy, even though it corresponds to the com- 
pound, may show three structural elements (Fig. 36). 
In a case of this sort, practically all that can be done to 
locate the compound is to anneal a series of alloys in the 
neighborhood of the compound and determine which one 
of the series becomes homogeneous. Should several alloys 
in the series become homogeneous, indicating the existence 
of solid solutions, the determination of the composition 
of the compound is practically impossible. 

The hardness of the intermetallic compounds is their 
most useful property and is made use of in the tech- 
nical alloys in which they are found. In bearing metals, 
for example, where a small amount of hard material not 
easily worn down by abrasion is desired, the compound 
Cu;P is found in phosphor bronze and the compounds 
SbSn and CuSn! in Babbitt metal (see p. 50). By far 
the most important of these compounds is the iron-carbon 
compound Fe3;C, which occurs in the iron-carbon alloys 
to be considered later. 

Changes in the Solid Alloy.—The diagrams that have 
been considered so far have dealt with changes that occur 
when the alloy passes from the liquid to the solid state or 
vice versa. Some of the most valuable technical alloys, 
notably steel, acquire their properties or modify them 
materially by changes which take place in the solid state. 

Iron, for example, is known to exist in several allotropic 
forms, two of which are of great technical importance. 
Below 768° it is known as a-iron and above 906° as y-iron. 
These two forms differ in many ways. a-iron dissolves 
carbon only to a limited extent, while an amount of carbon 
up to about 1.7 per cent will dissolve in y-iron. y-iron 
is either nonmagnetic or paramagnetic, while a-iron is 
strongly magnetic. The electrical resistance of y-iron is 

1 This compound was formerly believed to be Cu;Sn. 
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about ten times that of a-iron, and in other ways the 
differences may be detected. 

In the temperature range between 768 and 906°C., much 
doubt exists as to the condition of the iron. It is believed 
by many to be a distinct form of iron and has been called 
8-iron. The evidence for its existence is a slight tempera- 
ture effect at about 768°C. and a marked change in the 
magnetic properties of pure iron at the same temperature. 
A discontinuity in the tensile properties and in the specific 
heat of iron is said to have been detected at the tempera- 
ture associated with B-iron. As against the assumption 
of the existence of B-iron may be cited the fact that neither 
in its crystalline form nor in its internal structure as deter- 
mined by x-ray analysis does it differ from a-iron. 

Whether @-iron does or does not exist is at present largely 
of academic interest and has no bearing on the properties 
or on the heat treatment of steel. A fourth form, 6-iron, 
has been discovered and exists Just below the freezing 
point of iron. 

More important than changes due to the allotropism 
of a single metal are those changes which come from the 
decomposition of a solid solution at temperatures below 
its freezing point. All the changes that can take place 
when a liquid solution freezes may also occur when a solid 
solution decomposes. It may change to a eutectic-like 
mixture or to another solid solution more or less complete, 
or it may decompose to form one or more compounds. 
Some of these possible changes are indicated in the sketch 
(Fig. 37). The most important of these transformations 1n 
the solid state is that shown in I of this sketch as many of 
the valuable properties of steel, given to it by heat treat- 
ment, are due to a decomposition of this sort. Although 
the details will be given later, it may be said that the 
transformation from a solid alloy of the solid-solution type 
to one of a different character requires a definite amount of 
time, and that, by shortening the time, this transformation 
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can be partially or wholly suppressed. For example, by 
suddenly cooling (quenching) an alloy from the tempera- 
ture indicated by 1 in Fig. 37,1, it is possible to prevent 
the transformation along AE of the solid alloy into that 
represented by 1’ with the result that at ordinary tempera- 
ture the alloy exists in the condition that it had at the 
higher temperature 1. The physical properties of a 
solid solution are so different from those of a eutectic-like 
mixture that the mechanical properties of the alloy can be 
profoundly modified and can be controlled within fairly 


Fig. 37.—Types of changes occurring in the solid state. 


definite limits by more or less completely checking the 
change from 1 to 1’,. The alloy represented by the point 
E, Fig. 37,1, has all the characteristics of the eutectic mix- 
ture that separates from a liquid solution. Since the 
separation takes place from a solid solution, however, the 
name eutectord is commonly given to it. 

Many binary diagrams of a much more complex char- 
acter might be discussed, but all of them are combina- 
tions of the simpler ones and can be constructed or inter- 
preted without difficulty. It is necessary only to break 
down the complex diagrams into the simpler elements of 
which they are composed in order to make them perfectly 
clear. As a single example of a combination diagram, that 
of the copper-antimony series of alloys may be noted (Fig. 
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38). In this is found the open maximum, probably SbCu; 
the suppressed maximum SbCun, a eutectic mixture a 
SbCu, and Sb and the solid solution a. Examination of 
this fairly complex diagram shows clearly what combina- 
tions are to be expected at different temperatures and at 
varying compositions. 
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Fic. 38.—Equilibrium diagram of copper-antimony alloys. 

Ternary Alloys.—The alloys of three or more metals 
form a large and, to a great extent, an undeveloped field of 
metallography. The experimental work, while no more 
difficult than for the binary mixtures, is much more 
expensive and time consuming because of the large number 
of experiments needed to establish the relationships. 
The study of ternary systems will be extended in time and 
will, doubtless, lead to the discovery of other interesting 
and commercially important alloys. 

Anything like a complete discussion of ternary diagrams 
is beyond the scope of this book, but a single example will 
be considered to show the methods of representing these 
alloys and the way in which the diagrams are constructed 
from experimental data. 
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It is evident that the relation of three metals cannot be 
represented in a plane as in the case of the binary alloys. 
The easiest way to visualize these relationships is, per- 
haps, in the form of a space model (Fig. 39) on a triangular 
‘base, the corners of which represent the three component 
metals, while the perpendiculars to this triangular plane 
represent the temperatures. Such a method of representa- 
tion has many disadvantages. It is difficult to construct 
mechanically and is unsatisfactory 
in that it shows only the liquidus, 
v.e., the surface on which solids 
begin to form, and gives no idea 
of the changes that take place 
beneath the surface. A more 
satisfactory method consists in 
the projection on a triangular sur- 
face of a series of contour lines 
indicating temperature changes. 
Such a figure, together with a 

Fic. 39.—The ternary model, Series of triangular diagrams show- 
(The intersection of the dotted ing the conditions existing at vary- 
lines #3 is the ternary eutectic.) . : - 

ing stages of the crystallization, 
will usually be enough to indicate the various products 
formed. ! 

In the graphic representation of a ternary alloy, the first 
step is a method of showing the composition of any given 
mixture. This is done most easily by the use of plotting 
paper with triangular coordinates. An example of a 
simple ternary alloy is the series composed of lead, tin, 
and bismuth. In the diagram, Fig. 40, the three corners 
represent the pure metals. The base of the triangle of 
which each metal is the apex represents, therefore, zero 
concentration of that element. For example, the line 


1 An excellent discussion of ternary alloys will be found in GULLIVER, 


“Metallic Alloys,” 2d ed., p. 340, from which much of the following material 
is taken. 
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Pb-Sn represents 0 per cent Bi, the line Pb-Bi 0 per cent 
Sn, and Bi-Sn 0 per cent Pb. Starting with these lines 
as bases and approaching the element whose percentage 
is desired, each line parallel to the base indicates 1 per cent, 
assuming, as is usually the case, that the triangle is divided 
by 100 parallel lines in each of the three directions. Point 


Sn ¢ 
% Bi 10 20 Y 40 50 60 70 80 Z 90 
Frc. 40.—Method of showing the composition of ternary alloys. 


X in the figure therefore represents 20 per cent Pb. 50 
per cent Sn, and 30 per cent Bi. 

A study of the geometry of this figure shows two other 
facts that are of importance in the actual construction 
of these diagrams. A line drawn from any corner to any 
point of the opposite side represents a series of alloys in 
which two of the metals have a constant relationship to 
each other while the percentage of the third metal varies. 
Pb-Y, for example, is a line on which the relation of tin to 
bismuth is always 7:3. A line parallel to one side of the 
triangle represents a series of alloys in which one metal has 
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a constant percentage while the other two vary. On WZ, 
tin is always 15 per cent, while the lead increases from 
0 per cent at Z and the bismuth from 0 per cent at W. 

The next step in the construction of the model would be 
to erect three plane figures on the three edges of the triangle 
corresponding to the three binary alloys. The sketch (Fig. 
41) shows the appearance of such 
a space model. 

If lead is then added to the 
binary eutectic of bismuth-tin, the 
melting point of the mixture is 
_S« lowered. The same effect is no- 
ticed when tin is added to lead- 
bismuth and when bismuth is added 
to lead-tin. Since these three lines 
all slope downward, their intersec- 
tion must lie at a point lower than 

Fig. 41.—Combination of the melting point of any of the 
iichimuth, snd tismadead” Binary eutectics. This point is 

shown at E3, Fig. 39 (p. 46), and 
is the ternary eutectic. The shape of the space model for 
an alloy of this type will be apparent from the consider- 
ations just outlined. The three lines connecting the single 
ternary eutectic with the three binaries form the lower 
edges of the three valleys made by the intersections of 
the three curved surfaces composing the liquidus. 

If this surface is projected onto its triangular base and 
contour lines are drawn, representing the intersections of a 
series of parallel horizontal planes with the space model, 
a figure of the shape shown in Fig. 42 results. These 
contour lines, which are naturally isothermals (lines of 
constant temperature), show that the surfaces above the 
binary eutectic valleys are convex. 

Consider, next, the changes that take place on cooling 
such an alloy as is represented by X in the diagram. As 
the temperature falls, pure lead separates along the line X- 
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X,, the relationship of bismuth and tin staying constant. 
At X, enough lead has separated so that lead and tin are 
in the eutectic ratio, and the two metals crystallize together 
along the bottom of the binary eutectic valley until the 
composition # is reached, at which point the remaining 
liquid solidifies as the ternary eutectic. Although, accu- 
rately defined, a eutectic should be of constant melting 
point, the binary mixtures of eutectic composition vary in 


Bi 250° 225° 200° 175° 150° 133° 150° 115° 200° 225° «Sn 
Fre. 42.—Ternary diagram with contour lines. (Charpy.) 


melting point with the amount of the third element. As 
a matter of simplicity, however, the mixtures of binary 
eutectic composition are universally referred to as binary 
eutectics. If a number of ternary alloys of Pb, Sn, and Bi 
are studied and the points determined at which the binary 
eutectics begin to form, planes drawn through these points 
will give the binary eutectic surface. This is found to consist 
of six twisted surfaces, each intersecting its neighbor in 
such a way that there will be three ridges, the binary eutec- 
tic lines, and three valleys, the projections of which con- 
nect the ternary point H with the three corners of the 
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triangle. Since all alloys of the series become solid at 
the temperature of the ternary eutectic, the solidus is a 
horizontal plane through the ternary eutectic point EF. 

In the actual construction of these ternary diagrams, the 
common practice is to study a number of vertical sections 
from which the space model or its projection can be 
assembled. In the lead-tin-bismuth series, for example, 
a fairly complete study of the alloys of the compositions 
represented by the lines Pb-A, Sn-B, and Bi-C, Fig. 42, 
gives a general idea of the shape of the model, and the 
necessity for further study in the area Bi-O-B is apparent. 

Referring again to Fig. 40, it will be seen that a series of 
alloys starting with the composition represented by X 
and with gradually increasing percentages of bismuth (sec- 
tion X-B67) will give much additional information with 
regard to conditions in the eutectic area. This series might 
be followed by another section in which the percentage of 
bismuth is kept constant at 50 per cent, while lead and 
tin are varied. By studying several sections in this way, 
it is soon possible to construct the space model accurately. 

Microscopic Appearance of Ternary Alloys——The micro- 
scopic study of these alloys is not satisfactory. The 
primary crystals are perfectly normal, but the binary 
eutectic separations occur so slowly and over so consid- 
erable a temperature range that segregation generally takes 
place and the normal eutectic structure is lost. The 
ternary eutectic is usually so finely divided and so intimate a 
mixture that the component elements can be found only by 
careful double etching and then with much difficulty. 

In the class of technically important ternary alloys are 
included Babbitt metal and nickel silver (formerly called 
German silver). The composition of Babbitt metal varies 
over a considerable range but it is usually an alloy of tin, 
antimony, and copper. A common composition is tin, 
83 per cent, antimony, 11 per cent, and copper, 6 per cent. 
Microscopic examination shows the alloy to consist of crys- 
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tals of SbSn and CuSn embedded in a tin-rich ternary 
eutectic. Babbitt metal is an antifriction alloy; because of 
relatively low tensile strength it is commonly used to 
line bronze, steel, or aluminum-alloy bushings, the backing 
metal giving the needed strength and the Babbitt the low 
frictional resistance. The microscope is of great use in 
controlling the manufacture of Babbitt-lined bearings, as 
by its aid it is possible to detect segregation in the metal 
and also to determine the size of the SbSn crystals. Large 
crystals, due to very slow cooling when the Babbitt is cast, 
and exceedingly fine crystals, due to a sudden chilling of the 
molten metal, both produce unsatisfactory bearing surfaces. 
A temperature of approximately 100°C. for the mold has 
been found to give satisfactory results. The pouring 
temperature depends on the composition of the Babbitt 
metal but is in the range from 280 to 320°C. Lead is often 
added to Babbitt metals and in the lead-base Babbitt it is 
substituted for tin. Figures 43 to 50 show the structures 
of Babbitt alloys of different compositions and prepared 
under varying cooling conditions. 

Nickel silver is composed of copper, nickel, and zine. 
It has a wide use in the production of noncorrodible 
articles, table ware (with or without silver plating), and 
the like. 

Alloys with four or more components are not uncommon. 
Some of them find important application in the manu- 
facture of easily melted fuse plugs for automatic sprinkler 
systems. Wood’s metal corresponds to the ternary eutectic 
of Bi, Pb, and Sn to which a small amount of Cd is added. 
It melts at 70°C. 

The various types of diagrams just considered are of more 
than theoretical interest as a definite relationship exists 
between the physical properties of alloys and their internal 
structure. While not enough information is available to 
make it possible to calculate the physical properties of all 
alloys with accuracy, the general effects of structural 
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changes have been so well established that much useful 
information is given by a simple inspection of any diagram. 


Baspitt MEeTALs SHOWING VARIATIONS IN SIZES OF SBSN AND 
CuSn Dve To DIFFERENCES IN CooLING RATES. 
ETCHED WITH FECL3. Maa. 100 


Fic. 45. Fia. 46. 

Fies. 43 to 46—The white, square, or angular masses are SbSn. The small 
white particles, often star shaped, are CuSn. The dark matrix is chiefly tin 
in a fine ternary eutectic. 

It has been shown, for example, that the tensile strength 
and the hardness of eutectic-type alloys are substantially 
proportional to the percentage composition of the alloy. 
In other words, a straight line connecting the hardness 
value of one metal with that of the other, as the composi- 
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tion of the alloy changes, gives a sufficiently exact indication 
of changes in hardness or strength of the composite alloys. 


Bassirr Merarts SHowing DIFFERENCES IN MicrostRuCTURE 
DvE TO VARIATIONS IN ComPposITION. 
FuCu;. 


Fic. 47.—Tin 50 per cent, anti- 
mony 15 per cent, lead 33.5 per cent, 
copper 1.5 per cent. Large crys- 
tals are SbSn. Matrix is eutectic. 


ETCHED WITH 


Maa. 100 


Fic. 48.—Tin 90 per cent, anti- 
mony 5 per cent, copper 5 per 
cent. White particles are CuSn. 


Matrix is eutectic. 


49.—Tin 8314 per cent 
antimony 8/4 per cent, copper 
814 per cent. A few angular, white 
crystals of SbSn and a large star 
erystalofCuSn. Matrix is eutectic. 


Fia. 


anti- 


Fia. 50.—Tin 5 per cent, 
mony 15 per cent, lead 80 per cent. 
White particles are antimony and 
SbSn. Matrix is eutectic. 


The electrical conductivity of the eutectic alloy will be 
found almost directly proportional to the volume of each 


of the two metals in the system. 


relations are 


These 
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suggested in the following sketch, Fig. 51. These curves 
suggest that in general the eutectic-type alloy would not 
be selected if greatly increased hardness or electrical 
conductivity was desired, as neither the hardness nor the 
conductivity can exceed that of the metal. 

When solid solutions occur in an alloy system, very 
characteristic changes in the mechanical and electrical 
properties of the resulting alloys are found. 

While the relations between the properties of solid- 
solution alloys and the corresponding thermal diagrams 
cannot be calculated with the approximate accuracy that 


A A 


A-Thermal Diagram B-Tensile Strength C-Electrical or 
or Hardness Thermal Conductivity 


Fig. 51.—Relations between thermal diagram and mechanical or electrical 
properties. (Low conductivity does not follow low tensile strength if B is less 
conducting than A.) 
is possible with the eutectic-type alloys, it is nevertheless 
true that the effects on one metal of the solution in it of 
another are of much greater magnitude and, from a practical 
viewpoint, of far greater importance. The hardness and 
tensile strength of any metal are markedly increased by 
the addition to it of any other metal that it will hold in 
solid solution. Since the solution of the harder and 
stronger metal, copper, in soft, weak tin might logically 
be expected to harden and strengthen the tin, it would at 
first sight seem illogical that the same effect should be 
obtained by reversing the process. It is true, however, 
that the addition of even a small amount of soft tin to 
the much harder copper greatly strengthens and hardens 
the latter. It is certain that any metal dissolved in 
another hardens and strengthens the solvent metal, whether 
the dissolved metal is harder or softer than the solvent 
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metal. The effects of the formation of solid solutions on 
electrical conductivity are even more striking as the 
solution of an exceedingly small amount of one metal in 
another often causes a considerable decrease both in 
electrical and in heat conductivity. The general relations 
are shown in Fig. 52. 

The steepness of the sides of the U-shaped curve in 
C, Fig. 52, is especially significant as it indicates the marked 
effect on the electrical conductivity produced by a small 
amount of the dissolved metal. This fact is of great 


A 


A 
B B 
—< 
B 


-Thermal Diagram B-Tensile Strength C- Electrical or ; 
-laarere os or Hardness Thermal Conductivity 


Fic. 52.—Relations between thermal diagram and mechanical or electrical 
properties. 


importance in the production of copper for electrical 
purposes (p. 68). 

Figure 52 shows clearly that if strong, hard alloys are 
desired, or alloys having high electrical or heat resistance, 
those showing partial or complete solid solubility in the 
thermal diagram should be selected. 

The curves relating the properties of alloys in which 
intermetallic compounds occur to the thermal diagram 
depend on the relation between the compound and its 
constituent metals. Almost without exception, the com- 
pounds are much harder than their components, but they 
may or may not dissolve their constituents or be dissolved 
by them. The solubility relations in this case determine 
the mechanical and electrical (or thermal) properties 
(see Fig. 53). 

In the practical use of the relations described, it must 
be remembered that they are for the most part of a general 
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character and in many instances are based on incomplete 
experimental data. They are, however, sufficiently well 
established to make them of very real value in the selection 


Thermal Diagram 
| 
| 
Tensile Strength 
or Hardness 
Electrical or 
Thermal Conductivity 
Group A Group B 


Fig. 53.—Relations between thermal diagrams and properties. 


of alloys for particular purposes. As a single illustration, 
it is evident that for the manufacture of an electrically 
resistant material a solid-solution-type alloy would always 
be selected rather than one of the eutectic type. 


CHAPTER III 


THE NONFERROUS ALLOYS OF TECHNICAL 
IMPORTANCE 


No attempt will be made to describe or even to name the 
large and constantly increasing number of nonferrous 
alloys used in practice. Certain of them are of such great 
technical interest and importance, however, that their 
properties must be considered. Many have been referred 
to in connection with the equilibrium diagrams, and others 
are of such special character that their consideration is out 
of place here. The majority of the important nonferrous 
alloys not yet discussed fall into one of two groups: the 
smaller, containing aluminum and its alloys; the larger, 
the alloys of copper, particularly the brasses and bronzes. 

Aluminum and Its Alloys.'—Aluminum is the newest of 
the industrial metals, as its production by a process that 
was commercially economical was not accomplished until 
about 1890. Commercial aluminum is from 98 to 99.5 
per cent pure, the impurities being usually copper, iron, 
and silicon. <A process for still further refining aluminum 
has been developed giving a metal of a purity of 99.98 per 
cent. This is used in making Alclad (p. 67). Its chief 
uses in the unalloyed condition are (1) for the deoxidation 
of steel, (2) in the thermite welding process, (3) for the 
manufacture of cooking utensils and chemical apparatus, 
(4) as a pigment, and (5) in the electrical industry. The 
electrical uses of aluminum depend on the fact that its 
conductivity in wire form is about 60 per cent of that of 
annealed copper. As the density is about one-third that 


1 Epwarps, Frary, Jerrriss, ‘‘The Aluminum Industry,” McGraw-Hill 


Book Company, Inc., New York, 1930. 
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of copper and its strength less than half, it is necessary to 
make numerous changes in design if aluminum is to be 
substituted for copper. Because of the relatively low 
tensile strength (14,000 pounds per square inch in wire 
form), the wire is usually stranded in cable form around a 
galvanized steel core. The standard type of steel-cored 
cable has a tensile strength of about 180,000 pounds per 
square inch; many thousand miles of it are now in use, 
largely for the transmission of electricity at high potentials. 

The alloys are numerous and constantly increasing in 
number and complexity. These may be divided into the 
following two classes, (1) the casting alloys and (2) the 
forging alloys. A few typical examples of each class will be 
considered. 

The most commonly used alloys in American practice are 
those containing copper in amounts from 4 to 14 per cent. 
The most important member of this group and probably 
the commonest of all aluminum alloys is that containing 
about 8 per cent of copper. It is known as No. 12 alloy 
and is used for many automobile parts, as, for example, 
crankcases, oil pans, transmission housings, step plates, 
handles, brackets, tire-mold cores for the manufacture of 
rubber tires, streetcar fare boxes, parts of gas meters, 
small boat propellers, and a large number of other uses. 

The mechanical properties of this alloy vary with its 
method of casting (Figs. 54, 55) but are approximately 
as follows: tensile strength 19,000 to 23,000 pounds per 
square inch; elongation from 1 to 3 per cent in 2 inches. 
The soldering of this alloy, and in fact of any aluminum 
alloy, is unsatisfactory, as the solders are all electronegative 
to aluminum, thereby leading to a rapid corrosion and dis- 
integration at the soldered joints. Soldering may be used 
for repairing minor defects if the parts repaired can be 
protected from moisture. Parts used as structural members 
should never be soldered; in fact, the use of soldered 
aluminum should be as limited as possible. 
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Welding of this and other aluminum alloys, while it 
requires much skill, is quite possible. It may be done by 
the oxyacetylene or oxyhydrogen method or any of the 
usual electrical welding processes. An essential require- 
ment in welding is that the welding material should be of 
substantially the same composition as the parts to be 
welded. Welding is a satisfactory method of making 
tanks and similar containers but is not to be reeommended 


Fic. 54.—Round bar of No. 12 Fic. 55.—Round bar of No. 12 
(aluminum 92 per cent, copper 8 per (aluminum 92 per cent, copper 8 per 
cent sand cast at 700°. Large den- cent) chill cast at 670°. Small 
drites formed by slow cooling. dendrites formed by chilling. Villela’s 
Vilella’s etch. Mag. 100 xX. etch. Mag. 100 X. (Corson.) 
(Corson.) 


for the joining of structural members that are to be sub- 
jected to any severe stress or to shock. For the construc- 
tion of highly stressed members, as, for example, airplane 
parts, riveting is almost universally used. 

A second group of alloys is made up of those containing 
zinc in percentages varying from 5 to 35 cent. These 
range in tensile strength from 12,000 to 35,000 pounds 
per square inch, depending on the zinc content. The zinc 
alloys are cheaper than copper alloys with the same physical 
properties, but, because of their greater weight and also 
because of a general belief that the aluminum-zinc alloys 


60 PRINCIPLES OF METALLOGRAPHY 


are more readily corroded than the copper-bearing alloys, 
their use in the United States is limited. 

A third and increasingly important group of casting 
alloys is that of the aluminum-silicon alloys in which the 
silicon may vary from 5 to 15 per cent. Many of these 
alloys are protected by patents and are sold in the United 
States as Alpax, in France as Aludar, and in Germany as 
Silumin. These alloys are remarkable in that their prop- 
erties depend to a great extent on the method of prepara- 


= 


Fic. 56.—Aluminum-silicon alloy Fie. 57.—Aluminum-silicon alloy 
(silicon 10.5 per cent). Nonmodified, (silicon 10.5 per cent). Sodium 
sand cast at 650°. Needles are treated, sand cast at 650°. Small 
silicon. Mag. 100 X. (Corson.) grains are silicon. Mag. 100 xX. 

(Corson.) 


tion. When they are made by melting the aluminum and 
silicon together the alloy is known as normal. If the 
normal alloy is treated either with an alkali metal fluoride 
or with metallic sodium or potassium, the modified alloys 
are made. The tensile strength of the normal alloys varies 
from 18,000 to 21,000 pounds per square inch, with cor- 
responding elongations from 3.5 to 1 per cent, while the 
modified forms, which are much finer grained, will give 
tensile-strength values from 25,000 to 31,000 pounds per 
square inch with elongations of 12 and 8 per cent, respec- 
tively. These alloys are lighter and stronger than the 
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standard aluminum-copper alloys and are less readily 
corroded. They have an unusually low contraction on 
freezing and can therefore be cast in complicated form more 
simply than No. 12 alloy (Figs. 56, 57). 

In addition to these three types of binary alloys, a number 
of alloys with three or more components are known and are 
used for special purposes. An important use for this class 
of alloys is in the manufacture of pistons for automobile and 
aircraft engines. The chief advantage of aluminum-alloy 
pistons over the cast-iron type is not so much the decrease 
in weight as the great in- 
crease in heat conductivity. 
This makes the cooling of the 
motor less difficult. An alu- 
minum-alloy piston is the 
only type used in airplane 
motors, as well as in many 
modern automobiles. 

One of the objections to 
the use of aluminum alloys 
for pistons has been the 
marked decrease in the ten- 4, 58 -y-alloy (copper 4 per 
sile properties of most of cent, nickel 2 per cent, magnesium 
them at high temperatures, [ind muses ‘probably CuNiAly 
thereby limiting the tem- Mas. 100 x. (Corson.) 
perature at which the engine can be operated. The 
demands for an alloy that would stand higher operating 
temperatures led to the development of the Y-alloy at 
the British National Physical Laboratory during the World 
War. Its composition is approximately aluminum 92.5 
per cent, copper 4 per cent, nickel 2 per cent, and mag- 
nesium 1.5 per cent. It has excellent tensile properties 
which it retains at temperatures much above those at which 
the usual alloys are of little value. This alloy may also be 
worked and heat treated so that its properties will be 
considered again in the class of forging alloys (Fig. 58). 


62 PRINCIPLES OF METALLOGRAPHY 


Most pistons made in America are permanent mold castings 
containing 10 per cent copper, 1.25 per cent iron, and 0.25 
per cent magnesium. These are most commonly used in 
the heat-treated condition (p. 65), and will have a tensile 
strength of about 38,000 pounds per square inch and a 
Brinell hardness (1000 kilogram load) of 125 to 140. A 
still more recent development is an alloy with silicon 12 to 
14 per cent, copper 1 per cent, magnesium 1 per cent, and 
nickel 1 to 2 per cent. This alloy has a low coefficient of 
expansion, is 4 to 5 per cent lighter than Y-alloy, is hard, 
and has good bearing properties. 

Forging Alloys.—The development of cast aluminum 
alloys following the cheap production of aluminum by the 
Hall-Heroult process was a major contribution to the 
metallurgical industry, especially in the application of 
light alloys to automobile construction. It was not, 
however, until the discovery of the strong forging alloys 
that aluminum took its place as one of the most important 
metals in use today. The publication by Wilm! in 1911 of 
a paper on duralumin is one of the outstanding metal- 
lurgical contributions of this century. Many modifications 
of the original composition are now in common use but the 
general characteristics and methods of heat treatment are 
substantially the same as those indicated in the original 
paper. The composition has the following limits. 


Element Per Cent 
ODDO. 5 Ai wun coe ae 4 Re ee 3.5 to 4.5 
Moegnesiun mma 7 sis ee 023 to 1.0 
Manganesony:: <. asi neat ae centre 0.4 to 1.0 
a en were OT Soy 0.3 to 1.0 
AMGIOINUM «... 555 foray ay ee me ee Remainder 


The alloy is used to a limited extent in the cast condition. 
The properties that have given it a preeminent position 
in the alloy field are, however, acquired as a result of an 


1 Wi, A., “Light Aluminum Alloys,” J. Inst. Metals, 6 (1911), 334. 
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unusual cycle of mechanical and thermal treatments. A 
typical series is the following: 

1. Cast. 

2. Anneal at 300°C. 

3. Mechanically work (roll, forge, stamp). 

4. Heat at 495° to 525°C. 

5. Quench in cold water, hot water, or other medium. 

6. Age (at room temperature or higher). 
The size and shape of the casting (1) depend on the form 
to be produced from it and may vary from a small one 
to one weighing 3000 pounds or more. The alloy softens to 
an easily workable condition at temperatures of 300°C. (2) 
or slightly higher and the metal may then be worked hot or 
after it has slowly cooled to room temperature. An 
essential part of the cycle is (3) mechanical work which 
may take any of the usual forms of rolling, drawing, ham- 
mer forging, or the like. The tensile strength as a result 
of this deformation will be from 35,000 to 43,000 pounds 
per square inch with an elongation of from 2 to 4 per cent. 
The next operation (4) consists in heating the worked 
alloy for a time at a temperature between 495° and 
525°C. The metal is thereafter quenched in cold water, 
hot water, or some other less drastic cooling medium 
Immediately after quenching the tensile strength is about 
44,000 pounds per square inch and the elongation 19 per 
cent. The physical properties stay unchanged at room 
temperature for a short time (from 30 minutes to an hour), 
and then the remarkable phenomenon known as aging 
begins to be evident. This is shown by a gradual increase 
in tensile strength over a period of 4 or 5 days, at the end 
of which time the alloy has reached its maximum tensile 
strength of 60,000 pounds per square inch, or slightly 
more, with no decrease in ductility, which is still 19 per 
cent as it was before the strengthening and hardening 
occurred. The effect of this cycle of operations is to pro- 
duce an alloy that is almost as strong and ductile as a low- 
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carbon steel, but has approximately one-third the weight 
(Figs. 59, 60). While the composition and strengthening 
treatment just described still remain the standard, various 
other alloys similar in behavior are now available. In 
this group may be included 25S of the Aluminum Company 
of America with 4.4 per cent copper, 0.8 per cent silicon, 
0.75 per cent manganese, but without magnesium ; 518 of 
the same company containing about 0.50 per cent mag- 


Fie. 59. Fig. 60. 


Fie. 59.—Duralumin (copper 4 per cent, manganese 0.6 per cent, magnesium 
0.5 per cent) forged at 450°, heated for 10 hours at 500° and quenched. Dark 
masses probably MnAl; and FeAl,. Mag. 100 X. (Corson.) 

Fic. 60.—Same as Fig. 59. Mag. 500 X. (Corson.) 


nesium, about 1 per cent silicon, but no copper; and a 
group of English alloys known as the R.R. type. This 
last group is quite complex and contains, in addition to the 
aluminum, varying percentages of other elements as 
follows: copper, nickel, magnesium, iron, titanium, and 
silicon. 

Of the other alloys, quite similar in composition and 
general properties, the best known example is the British 

-alloy previously mentioned on page 61. In the worked 
and heat-treated condition, this alloy has a tensile strength 
varying from 40,000 to 62,000 pounds per Square inch, 
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depending on its mechanical and heat treatment. It is 
also quite ductile, having an elongation of 17 to 26 per 
cent in 2 inches. 

Much experimental work has been done and many 
theories have been advanced to account for the remarkable 
increase in strength of the duralumin-type alloys and, while 
a completely satisfactory explanation has not yet been 
offered, the phenomenon is unquestionably associated with 
the existence of the compounds CuAl, and Mg.Si and the 
fact of their much greater solubility at the high solution 
temperature (about 500°C.) than at the low precipitation 
temperature which is used during aging. The theory will 
be considered in greater detail under the topic Age Harden- 
ing (p. 93). 

Heat Treatment of Aluminum Castings.—It was not 
until several years after the discovery of the improved 
strength of forged alloys by heat treatment that the same 
principles were applied to cast metal. While it is true that 
no great increase in strength at room temperature is found 
even in castings that have been quenched from a high 
temperature, a marked increase in tensile properties 
follows the reheating after quenching at temperatures 
from 120° to 160°C. This form of heat treatment is called 
artificial aging or precipitation heat treatment. ‘The time of 
heating at the high (solution) temperature is much longer 
with cast than with worked alloys and is from a few hours 
to several days, depending on the size of the casting and its 
composition. The time at the lower (precipitation) tem- 
perature also varies from 1 to 18 hours. The resulting 
strength of the cast alloys depends, of course, on their 
composition and the particular heat-treating cycle used; a 
tensile strength of 40,000 pounds per square inch is not 
unusual, while, in special cases, a tensile strength of 
49,000 pounds per square inch has been obtained. 

Corrosion of Aluminum Alloys.—The general subject of 
corrosion is considered on page 176, but the selection of 
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aluminum alloys for special purposes so often involves 
their corrosion resistance that a brief discussion of these 
special problems is included here. The metal aluminum 
is readily attacked both by weak acids and by weak alkalies 
and it would, therefore, be of little industrial importance 
if it were not for the fact that it is instantly covered by a 
thin film of highly protective aluminum oxide whenever 
it is exposed to the air. This film is self-renewing so that 
the metal and its alloys under normal conditions are always 
protected to a marked degree. The alloys will stay bright 
for long periods of time when exposed to conditions that 
would cause the rapid rusting of iron or steel. An example 
of this is found in the cap of the Washington monument, a 
small pyramid of an aluminum alloy which, in spite of 
its exposure to the weather for 50 years, still reflects 
sunlight. Certain of the alloys, as, for example, those 
containing manganese or silicon, are less readily corroded 
than the aluminum-copper alloys. Pure aluminum and 
some of its alloys are almost unaffected by sea water, while 
others are readily attacked. The selection of suitable 
compositions for use on shipboard or near salt water is 
then of much importance. 

Sheet metal of the duralumin type is sometimes injured 
by intergranular corrosion, which leads to a dangerous 
embrittling of the material. This trouble is much less 
frequent than formerly because of improved methods of 
manufacture and heat treatment. A curious fact is that 
duralumin artificially aged (heated for hardening at tem- 
peratures higher than room temperature) is much more 
susceptible to corrosion than the normally aged metal. 
The alloys may be protected against corrosion by grease, 
paint, varnish, enamel, or similar coating. An effective 
method called anodic oxidation consists in making the part 
to be protected the anode in chromic acid or other oxidizing 
solutions and _ artificially increasing the thickness of the 
oxide film. Metal treated in this way is somewhat more 
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resistant to corrosion than the untreated metal, but its 
chief advantage is that the treated metal is in the best 
possible condition for protection by paints or other coat- 
ings. Highest purity aluminum (99.98 per cent) is 
extremely resistant to attack. By forging a thin layer of 
it to the surface of duralumin a product known as Alclad 
is formed; this has almost the same tensile properties as 
duralumin but much greater corrosion resistance. 

Uses of Aluminum Alloys.—The great and rapidly 
increasing number of uses for aluminum and its alloys 
makes it impossible to list more than a few typical applica- 
tions. In the cast form it is widely used in automobile 
and aircraft engine parts as pistons, cylinder blocks, intake 
manifolds, and the like. The alloys are important in 
vacuum sweepers, washing machines, and other parts of 
household equipment. In the wrought form the alloys are 
used for dirigible frames, airplane wings, fuselages, auto- 
mobile and truck bodies, railroad-car and streetcar bodies, 
and for countless similar purposes. One of the most 
recent uses of aluminum alloys, both wrought and cast, has 
been in the construction of the streamlined train, which, 
because of its lightness, makes possible increased speed 
and lower cost of operation. 

Magnesium.— Next to aluminum in importance in the 
light-metal class is magnesium. It was discovered only a 
few years later than aluminum and was produced com- 
mercially on a small scale in 1863. For many years its 
use was confined to the manufacture of flashlight powder, 
flares, and similar purposes, and it was not until 1910 that 
the production of structural alloys was announced in 
Germany, to be followed by commercial production in the 
United States in 1915. The German alloys vary widely 
in composition but are essentially magnesium-zine mixtures. 
All are known under the general name Electron with 
distinguishing letters and numbers. In this country, the 
important structural alloys contain from 2 to 8 per cent 
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aluminum, from 0.2 to 1.5 per cent manganese, and for 
special purposes small percentages of cadmium and copper. 
The largest producer of magnesium is the Dow Chemical 
Company so that Dow metal has become an almost uni- 
versally accepted trade name for these alloys. Smaller 
amounts are produced under the names Bohnalite X and 
AM metal. The alloys are about two-thirds as heavy as 
the aluminum alloys with tensile strengths in the cast 
condition varying from 18,000 to 35,000 pounds per square 
inch, depending on the composition and heat treatment, 
and with elongations of from 3 to 12 per cent. In the 
wrought condition, the tensile strengths are from 38,000 to 
48,000 pounds per square inch with elongations of from 5 
to 16 per cent. Magnesium and its alloys are outstanding 
in their ease of machining, a distinct advantage for many 
uses. The corrosion of these alloys is rather more serious, 
under certain conditions, than with the aluminum alloys 
and no wholly satisfactory method of protection has been 
developed. Under most circumstances, however, especially 
with alloys of higher manganese content, the corrosion 
resistance is excellent. Because of the very light weight 
of the magnesium alloys, together with good mechanical 
properties, they are being used to a rapidly increasing 
extent in the manufacture of various aircraft and auto- 
mobile parts, as, for example, furniture, fuel tanks, wheels, 
and propellers; in one foreign plane, sheet magnesium alloy 
is used throughout in covering the wings and body. 
Copper and Its Alloys——Enormous quantities of pure 
copper are used in the electrical industry because of its 
very high conductivity. Copper forms solid solutions 
with many of the common elements, including practically 
all of those with which it is associated in its production 
from the ore; thus its conductivity is greatly affected by 
its method of production and purification. The rapid 
decrease in conduction due to slight addition of the dis- 
solving element makes evident the harmful effects of even 
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small percentages of dissolved impurities on the conduc- 
tivity of the copper and the necessity of accurate analysis 
if the metal is to be used for electrical work. Oxygen 
dissolves in copper to an appreciable extent and also unites 
with it to form cuprous oxide, Cu,O. As indicated in the 
diagram (Fig. 12, p. 15), the compound then forms with 
the copper a eutectic series of alloys with a eutectic at 3.5 
per cent CuO (0.39 per cent oxygen). Since the presence 
of this eutectic has a harmful effect, on both the electrical 
and mechanical properties of the metal, all high-grade 
copper is deoxidized in the process of manufacture. This 
may be done by the use of phosphorus, silicon, boron, 
magnesium, and, probably, other readily oxidizable elements. 
Deoxidation by means of silicon in the form of copper 
silicide gives copper with high conductivity. Boron is 
highly effective as a deoxidizer, and boronized copper is not 
infrequently specified for electrical work. 

For general industrial purposes, copper is used in the 
form of rolled sheets, tubes, bars, and drawn wires. These 
mechanical operations! have such marked effects, not only 
on the physical, but also on the metallographic properties 
of copper, that they will be considered in some detail. 
Copper as cast has a tensile strength of from 17,000 to 
20,000 pounds per square inch, and its ductility is indicated 
by an elongation of from 40 to 50 per cent in 2 inches. 
It is possible by simple mechanical work, such as rolling 
or drawing, to increase the tensile strength to 50,000 
or more pounds per square inch. ‘This increase in tensile 
strength is accompanied by a great increase in hardness 
and a marked decrease in elongation. 

Several theories have been proposed to account for this 
phenomenon of hardening by means of mechanical work, 
a phenomenon that is by no means confined to pure copper 
but is a general property of metals and alloys. When a 


1 For a description of the mechanical testing of alloys and of the effects of 
work see Rosenuatn, “Physical Metallurgy,” Chap. XI, 1917. 
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metal is subjected to such an amount of stress, either 
tensile or compressive, that its elastic limit is exceeded, the 
crystals become elongated, not by a simple stretching of 


Fig. 61.—Cold-drawn copper. Etched with NH:OH and HO. Mag.100 xX. 


the material, but by a slipping that takes place along certain 
of the crystal planes. That the elongation of the crystals 
is very marked under certain conditions is shown in the 
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Fia. 62. Fig. 63. 
Fies. 62 and 63.—Pure iron before and after straining showing slip bands. 
(Sketched from Rosenhain.) 


photomicrograph, Fig. 61. The changes taking place 
within the crystal are shown in Figs. 62 and 63, sketched 
from Rosenhain’s photographs, which represent a piece of 


soft iron before and after straining. The dark lines crossing 
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the grains in Fig. 63 are due to the fact that the surface 
is no longer plane but is covered with a large number of 
microscopic ridges formed by the displacement of many 
crystal layers. These dark lines, or bands, are called 


A. Before straining B. After straining 
Fic. 64.—Sketch showing the way in which slip bands are produced in strained 


metal. (Rosenhain.) 
slip bands and are characteristic of overstrained metal. 
The sketches, Figs. 64 and 65, illustrate the probable 
nature of sipping and the optical reason for the dark slip 
bands. Rays A (Fig. 65) striking the horizontal surfaces 
are reflected back into the eyepiece » 
and produce light bands. Rays B 
strike the oblique surfaces and are 
reflected out of the field of vision to 
form fine black lines or bands. In in 
the figure, the width of the bands { 
is exaggerated to make the optical 
causes more evident. Actually the 
bands are so narrow that they 
appear as fine black lines on the 
polished metal. Fic. 65.—Sketch showing 
This mechanism of slip has been See ee, Ae ee pits 
shown experimentally in many ways ‘4fler Rosenhain.) 
and is quite generally accepted. Why slip, producing 
slip bands or elongated grains, should cause a marked 
‘increase in the hardness of a metal has been the sub- 
ject of much speculation, and numerous theories have 
been advanced to explain it. The two most widely 
accepted are (1) the Beilby-Rosenhain! amorphous-cement 
1RosENHAIN, “Physical Metallurgy,’ p. 241. Jurrrres & ARCHER, 
‘Science of Metals,” p. 403. 
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theory and (2) the Jeffries and Archer slip-interference 
hypothesis. 

Based on studies of the surface properties of polished 
calcite, Beilby decided that the burnishing of a metal pro- 
duced on its surface a thin film which was described as 
being in the vwitreous-amorphous condition. The surface 
layer was believed to be harder, stronger, and less ductile 
than the metal beneath the surface. About a year after 
the publication of Beilby’s paper, Bengough and Rosen- 
hain, working independently, applied the principle to the 
explanation of the hardening of metals by assuming that, 
when slip occurs in the manner described on page 70, the 
pressure along the slip planes is great enough to produce 
amorphous material, and as this is specifically harder, 
stronger, and less ductile, the strained metal changes its 
mechanical properties in proportion to the amount of 
amorphous material present. It has also been suggested 
that neither burnishing nor mechanical work is necessary 
for the production of amorphous material, but that the last 
exceedingly small amount of metal to solidify between 
the grains of freezing metals is disorganized (amorphous) 
material and, since, in a given area of fine-grained metal, 
more grain-boundary material would be present than in a 
similar area of coarse-grained metal, the former would be 
stronger and harder than the latter. 

Jeffries and Archer believe in the existence of disorgan- 
ized metal that acts as if it were amorphous, but feel that 
this plays but a very small part in the total hardening 
effect. They believe that softness and ductility are charac- 
teristic of metal that can slip easily along gliding planes 
and that hardness and lack of ductility are in the main 
due to the interference with easy slip. Since slip in a 
grain necessarily stops at a grain boundary, it naturally 
follows that the finer and more numerous the grains, the 
more frequent will be the obstructions to slip and the harder 
the metal. This accounts for the hardness of fine-grained 
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metal as compared with coarse-grained metal. The slip- 
interference theory of hardening by mechanical work is 
based then on the following assumption: (1) Cold work 
produces a structure which simulates, in many respects, 


Temperature, deg. C. 
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Per Cent Tin, by Weight 
Fig. 66.—Copper-tin equilibrium diagram. 


that of a very fine-grained metal. This structure is 
believed to be the primary cause of hardening. (2) A 
disorganized layer of atoms is formed on the slip planes, and 
amorphous metal may be generated at the old grain 
boundaries, these two changes acting to increase the 
hardness, although to a relatively small extent. 
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Other theories, as, for example, the production of internal 
strains along slip planes, have been advanced, and while 
no experimental evidence is available at present to establish 
positively any theory, either the amorphous theory or the 
slip-interference theory seems to offer the most reasonable 
explanation of facts as they are now known. 

The hardness produced in this way is called strain hard- 
ness. The accompanying brittleness often makes addi- 
tional cold work impossible unless the strains are removed 
or reduced by annealing. 

Bronze. Copper-tin.—The equilibrium diagram of the 
copper-tin alloys is very complex as Fig. 66 shows; it 
consists of one definitely established compound, CuSn, 
and five solid solutions in which it is possible that the 
compounds Cu;Sn, Cu;Sn., CusSn, and Cu;Sn exist, 
although this fact has not been fully established. 

The important tin bronzes are practically all included 
in that section of the diagram in which the percentage of 
tin is less than 12 per cent or, in other words, the desirable 
properties are associated with the a-crystals. Four classes 
of bronzes are of importance. 

1. Coinage bronze containing 96 to 92 per cent copper 
is used largely in the production of ‘“copper’’ coins and 
medals, the small amount of tin present increasing the 
hardness and wearing qualities of the copper. 

2. Gun metal and gear bronze vary in composition 
from 92 to 88 per cent copper. Gun metal is no longer 
used in the manufacture of ordnance but is often used 
where strong, heavy castings are to be made. In order to 
increase the fluidity of the metal and to make the casting 
operation simpler, a small amount of zinc is frequently 
added. A standard alloy of this class has the composi- 
tion 88 per cent copper, 10 per cent tin, and 2 per cent zinc. 
This is usually known as Government bronze, G metal, or 
simply 88, 10, and2. It has a fairly high tensile strength, 
32,000 to 45,000 pounds per Square inch, and is often used 


NONFERROUS ALLOYS OF TECHNICAL IMPORTANCE 75 


where pressures, steam or hydraulic, are to be met, or for 
bearings subject to heavy loads. 

Another bronze of the same class consists of 89 per cent 
copper and 11 per cent tin and is very generally used, under 
the name of English gear bronze, in the manufacture of 
heavy gears. A brilliant mirror surface is developed at the 
contact between the teeth of the gear and the driving 
mechanism, and an excellent bearing and wearing surface 
results. 

3. Bearing Bronzes.—These alloys vary from 87 to 
81 per cent copper and usually contain one or more ele- 
ments in addition to the tin. The best example of this 
class is the bearing bronze to which phosphorus (in the 
form of phosphor copper) and lead have been added. 
These alloys, called phosphor bronzes, are of two classes, 
those to which phosphorus is added only as a deoxidizer 
and those in which an excess is present to act as a hardener. 
In the first class, the function of the phosphorus is simply 
to increase the strength and ductility of the alloy by reduc- 
ing the Cu.O and other oxides. In many cases, in spite of 
the marked improvement in physical properties, the actual 
amount of phosphorus is negligible. The low phosphorus 
bronzes have a tensile strength of about 29,000 pounds 
per square inch as cast and of 40,000 to 60,000 pounds 
per square inch in the wrought condition. The elongation 
varies from 5 to 15 per cent in 2 inches, depending upon 
the conditions. In the second class, the phosphorus, 
even though present in small quantities, usually less than 
1 per cent, forms extremely hard particles of CusP, too 
brittle in themselves to be used in a bearing but forming 
an excellent nonabrasive skeleton in the strong, tough 
bronze matrix. Lead is frequently added to bronze in 
small amounts and, as it is an almost insoluble constituent, 
it is found fairly uniformly distributed throughout the 
metal in the form of drops. Lead gives to the metal 
two valuable characteristics. It makes it more easily . 
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machinable and, to a certain extent, self-lubricating 
because of the soft, greasy character of the suspended 


Fic. 67.—Low phosphorus bronze. Fic. 68.—High tin-bronze showing 
Copper-rich dendrites (dark) in a_ the eutectoid of a and 6 (blue) in a 
copper-tin solid solution matrix. matrix of copper-tin solid solution. 
Several black areas indicate gas Etched with NH,OH + H:0.. 
pockets. Etched with NHsOH + Mag. 250 x. 

H202 Mag. 100 x. 


Fig. 69.—Plastic bronze. Dark masses of lead fairly uniformly distributed in 
bronze (light) matrix. Mag. 100 X. Not etched. 


lead. The lead drops are sources of weakness in an 
otherwise strong metal, so that the amount of lead must 
be carefully adjusted to fit the conditions under which the 
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bearing is to be used. For most purposes, the lead con- 
tent is less than 2 per cent, although in the plastic bronzes, 
previously mentioned (p. 9), it may reach 50 per cent. 
If in the making of high-lead plastic bronze for bearings 
the bronze-lead emulsion is cooled rapidly enough, the lead 
will be found uniformly distributed throughout the bronze 
in the form of spherical drops (Fig. 69). The segregation 
of the lead, which is the frequent cause of failure in service, 


Fic. 70.—Plastic bronze showing badly segregated lead (dark) in the bronze 
matrix (light). Mag. 100 x. Not etched. 

is shown in Fig. 70. This trouble is often overcome by the 
addition of small amounts of nickel, iron sulphide, or 
other material with a high melting point. The usual 
bearings of this type contain from 10 to 30 per cent lead. 
The bronze gives the necessary strength while the lead 
increases the plasticity and acts as a lubricant. Bearings 
of this type are commonly used for heavy loads, as, for 
example, in locomotive journals or for carrying the rolls 
in a rolling mill. 

4. Bell Metals.—These alloys contain from 75 to 80 per 
cent copper. The former is of especial interest because it 
must either be worked at a temperature above dull redness 
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or the hot metal must be suddenly chilled (quenched) and 
then worked cold. Reference to the diagram (Fig. 66) will 
show that work is done in either case on the 6-solid solution. 
In the first case, the work is done while the alloy is in the 
6-temperature range; and, in the second case, the sudden 
chill retains the bronze in the condition in which it existed 
at the higher temperature (see p. 44). With the increase 
in tin to more than 25 per cent, the brittleness becomes so 
great that the alloys are handled only with difficulty and 
are used exclusively for decorative purposes where the 
material is not subjected to stress or shock. 

- Brass.—The copper-zinc alloys are the most important 
of the copper alloys because they are relatively inexpen- 
sive as compared with tin bronze. The diagram for the 
brasses is, like that of the bronzes, very complex, consisting 
of six series of solid solutions that probably contain, as 
in the other case, definite compounds (Fig. 71). 

The y-solid solution, which begins to be formed when 
the percentage of zinc is increased above 50 per cent, prob- 
ably contains the compound Cu,Zn; and is so brittle that 
alloys in which it occurs are practically valueless except for 
decorative purposes where strength and ductility are not 
required. This limits the technically important brasses to 
three classes; a-brass, from 0 to 39 per cent zinc; a + B- 
brass from 39 to about 45.5 per cent zinc; and 8-brass, from 
45.5 to about 50 per cent zinc, at which point ductility drops 
to nearly zero. The following curves show the relationships 
between the tensile-strength properties and the metallo- 
graphic constitution of cast copper-zine alloys (Fig. 72). 

It will be seen that the strength of cast brass increases 
from about 28,000 pounds per square inch with 1 per cent 
zinc to more than 60,000 pounds per square inch with 45 per 
cent zinc (pure 6), so that, by choosing the composition, 
any desired strength within these limits may be obtained. 
It must be clearly understood at this point that the figures 
just given are not absolute but relative, as the physical 
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properties vary within fairly wide limits, even with cast 
material, depending on various factors such as the shape 
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Fic. 71.—Copper-zine equilibrium diagram. 
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Fic. 72.—Relation between chemical composition of copper-zine alloys and 
tensile strength. (After Johnson, J. Inst. Metal, 20, 233.) 


of the cast piece, the material of which the mold is made, 
and the rate at which the metal cools. 
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The actual number of commercial brasses is very great, 
but, for convenience, they may be grouped into a few classes. 
The cost decreases with the increase in the percentage of 
zinc, so that very high copper alloys are less widely used. 

1. Gilding Metal or Jewelry Brass.—This contains 
from 1 to 20 per cent zinc and is used under various trade 
names in the manufacture of cheap jewelry. The color 
of some of the alloys in the group is not unlike that of stand- 
ard gold. 

2. Dutch Metal.—These alloys contain between 20 and 
25 per cent zinc, are very malleable, and are used largely in 
the hammered form as substitutes for gold leaf. Recently, 
a brass containing 20 per cent zine has been used in making 
condenser tubes. 

3. Brass for Cold Working.—The group in which the 
zinc varies from 27 to 35 per cent includes by far the 
largest number of the technically important brasses. 
This range of compositions lies at the zinc-rich end of the 
a-brass field and, therefore, includes the alloys of jhigh 
tensile strength coupled with maximum ductility. In 
this class are found the alloys used for sheet metal, tubes, 
wire, cartridge cases, and other articles that are to be 
subjected to severe mechanical work. 

4. Muntz Metal and Similar Alloys.—These contain 
from 39 to 49 per cent zine and include the a- and 6- and 
the pure 6-brasses. The shape of the curves in the Cu-Zn 
diagram, Fig. 71 (p. 79), indicates clearly the fact that 
alloys of this class are subject to marked modification in 
their properties by heat treatment. Drastic quenching 
from 800°C. or above retains the metal in the form of unde- 
composed 8-brass, although it is practically impossible to 
prevent at least a slight reformation of a-crystals (Fig. 
73). Reheating the quenched metal causes the gradual 
formation of a-crystals. With a reheating temperature 
of 250° to 300°C., these are in a very finely divided condi- 
tion, but, as the reheating temperature increases, the size of 
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the a-crystals also increases with a corresponding decrease 
in the tensile strength of the metal. The changes pro- 


60-40 Brass SHowine SrructurAL CHANGES PRODUCED BY 
ig 
VARIATIONS IN COOLING AND REHEATING. ETcHED 
witH NH,OH + HO... Maa. 250 


SS 


ae 


Fic. 73.—Quenched from 825°C. Fie. 74.—Quenched and reheated 
Large grains of §-brass (light). at 400°C. Shows very fine a and 8 
Small reeds of @ at grain boun- mixture. 
daries. Dark spots are lead. 


Fra. 76.—Quenched and reheated 
Shows gradual solution of 
the banded (a) structure and the pro- 
duction of structureless p. 


Fic. 75.—Quenched and reheated 
at 450°C. Shows large a-twinned at 750°C, 


crystals. 


duced by various forms of thermal and mechanical treat- 
ment are shown in Figs. 73 to 80. Figure 81 shows the 
relations between mechanical properties and reheating 
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temperatures. Owing to the fact that normally cooled 
alloys of the Muntz-metal type are composed of two 


60-40 Brass (Muntz Merat) SHowinc THE EFFECTS OF 
MercHANICAL Work AND VARIATIONS IN COOLING. 
ErcHED WITH NH,OH + H.O2. Mage. 100 


Fic. 77.—Furnace cooled from Fig. 78.—Air cooled from 825°C. 
825°C. Irregular masses of @ in Needles of @ in light matrix of £. 
light structureless B. 


Fic. 79.—Hot worked material, Fic. 80.—As in Fig. 79 but fol- 
rapidly cooled. Fine, uniform mix- lowed by cold work. Marked elon- 
ture of a- and 8. gation of the grains. 


components, a and 6, they are usually worked hot so that 
the metal may be in a homogeneous condition. Pure 
8-brass shows no tendency to form twin crystals even after 
it has been worked and annealed. It is colored yellow by 
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NH,OH + H,.0. and may be distinguished in this way 
from a-brass. A mixture of NH,OH and ammonium 
persulphate or a dilute acid solution of FeCl; is often 
successfully used in the examination of Muntz metal as 
the 6 is darkened, while the a is practically unaffected by a 
short treatment with these reagents. 

Alloys of the Muntz-metal type are fairly resistant to 
corrosion by salt water if the a- and 6-crystals are small and 
intimately mixed. They are used to a considerable 
extent in the sheathing of wooden ships, for condenser tubes, 
and for other purposes where the lesser ductility is not a 
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Fic. 81.—Physical properties of test specimens quenched from 825°C. and 
reheated as indicated. 


serious objection. Because of the cheapness of zinc, the 
Muntz-metal alloys are sometimes substituted for the 
more expensive a-brass. Corrosion may be reduced by 
the addition of about 1 per cent tin, as in naval brass. 

5. Brass Solder.—For brazing iron, the solder contains 
35 per cent of zinc, while, for soldering brass, the alloy of 
50 per cent is most commonly used. 

6. White Brass.—When the percentage of zinc is more 
than 50, the resulting alloys become increasingly lighter 
in color and are very brittle. These alloys are known as 
the white brasses and are used only for ornamental castings. 

«-Brass.—The most important single alloy is that whose 
composition is very near to 70 per cent copper and 30 per 
cent zinc. It possesses great ductility, about 56 per cent 
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elongation, and a tensile strength when cast of 30,000 
to 35,000 pounds per square inch, a strength that is greatly 
increased by mechanical work. In the form of annealed 
sheet, a-brass will have a tensile strength of 40,000 to 
50,000 pounds per square inch with an elongation of more 
than 60 per cent in 2 inches. By cold rolling the tensile 
strength may be increased to 140,000 pounds per square 
inch but the elongation in this case is almost zero. 

One of the most important uses of this 70-30 brass is 
in the production of shell or cartridge cases, which in the 
process of manufacture are subjected to severe mechanical 
work. Practically all brass shell cases, from those used 
for the small revolver to the large cases used in naval guns, 
are made by a series of punching and drawing operations. 
As was stated on page 70, this working produces an elonga- 
tion of the crystal grains and a marked hardening and 
increase in brittleness of the metal. The micrograph, F ig. 
82, on page 85, is of interest in showing the value of 
metallographic as well as chemical control in studying cold- 
worked brass. The chemical analysis is excellent, but the 
stress has been enough to produce great distortion of the 
crystal grains. This strained condition can be wholly 
relieved by suitable annealing. This operation would also 
markedly soften the brass. The striking feature of cold- 
worked a-brass that has been annealed jis the production 
of twin crystals characterized by alternate dark and light 
bands. These twins may be so small as to be scarcely 
visible at a magnification of 75 diameters, or they may be 
so large that with the same magnification a single crystal 
may cover the entire field of vision of the microscope. 
These differences in crystal size are shown in Figs. 82 to 
88, all of which show a-brass of the same chemical com- 
position (70 per cent copper and 30 per cent zinc) but 
differing in amount of mechanical work and in heat treat- 
ment. Although it may be said, in general, that the higher 
the annealing temperature, the larger the crystal grains, 
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other conditions being equal, it is also true that the crystal 
size depends on the amount of cold work to which the 
brass has been subjected... This means that for each 


a-BRASS (CoppER 70, Zinc 30) SHowiNG THE EFFECT oF VARIA- 
TIONS IN THE ANNEALING TEMPERATURE FOLLOWING CoLp 
Work. Ercuep with NH,OH + H.O.. 75 xX 


Fia. 83.—Medium twin crystals due Fia. 84.—Large grains formed by 
to annealing at 650°C. annealing at 800°C. 


sample of cold-worked brass there is an annealing tem- 
perature that will produce crystals of the desired size, 
this temperature depending on the extent to which the 
brass has been deformed by mechanical work. Fine 


1 MatTHEewson and Puiuuips, A./.M.H., February, 1916. 
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crystal grains indicate increased tensile strength and hard- 
ness with decreased ductility, while large crystals are 
usually accompanied by softness and lower tensile strength. 


a-BRASS SHOWING THE EFrrects oF ANNEALING AND WorK. 
ErcHep with NH,OH + H.O.. Maa. 100 


Fie. 85.—As cast. The den- Fie. 86—Cast and annealed at 
dritic structure is characteristic of 800°C. The large masses are homo- 
quickly cooled metal. geneous grains. The differences in 


shade are due to differences in orien- 
tation of the grains. The small 
black spots are lead. 


Fia. 87.—Cast and compressed Fria. 88.—Same as Hg. 87 but 
50 per cent. Elongation of the annealed at 800°C. 
grains is marked. 


This connection between crystal size and physical 
properties has led to the introduction of definite grain- 
Size requirements in many specifications, not. only for 
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brass and bronze but also for steel. A convenient means 
of studying grain size has been proposed by Jeffries! and 
is recommended by the American Society for Testing 
Materials. The method consists in projecting the mag- 
nified image of the specimen onto a ground-glass plate? 
on which has been inscribed a circle 79.8 millimeters 
in diameter (area = 5000 square millimeters). The ground 
glass is placed with its ground surface toward the specimen, 
and on the outer, smooth surface the number of whole 
crystals included in the circle is counted. This may be 
done conveniently by checking each crystal with a soft 
pencil. The number of grains intersecting the cir- 
cumference of the circle is then counted, and 0.5 of this 
number, added to the number completely included in the 
circle, gives a close approximation of the total number of 
grains present. To obtain the number of grains per 


: | gue 3s sia 

Diameter of | ihaentBention Multiply ing factor 

circle in milli- to obtain grains per 
used La ue 

meters square millimeter 
79.8 10 0.020 
79.8 25 0.125 
79.8 50 0.500 
79.8 75 L125 
79.8 100 2.000 
79.8 150 4.500 
79.8 250 12.500 
79.8 500 50.600 


square millimeter, the grain count is multiplied by a factor 
that depends on the magnification used. The standard 
magnifications, as recommended by the American Society 
for Testing Materials, are, for steels, 50-100-250 and 500 


1Zay Jerrries, ‘Grain Size Measurements,” Met. Chem. Eng., 18, 


185, 1918. 
2It is often convenient to substitute a sheet of translucent paper (Jap- 


anese vellum) for the ground glass, so that a permanent record may be 


retained. 
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diameters, and for nonferrous alloys, 25-75-150 and 250 
diameters. The multiplying factors are given in the 
table on page 87. 

If the grain size is to be expressed as the average diameter 
of the crystal in millimeters, or its area in square milli- 
meters, the following formulas from Jeffries’ paper will be 
found useful: 

2 = completely included grains. 

w = boundary grains. 

x = equivalent number of whole grains in 5000 square 
millimeters (circle 79.8 millimeters in diameter or 
rectangle with area of 5000 square millimeters) ; 
z= bw+z. 

m = magnification. 

f = multiplying factor used to obtain grains per square 


poe, m? 
millimeter (see table); f = =——— 
nm = number of grains per square millimeter; n = fz. 
ad Mt me 1 
d = diameter of average grain in millimeters; d = Wi me 
Vn 
a = area of average grain in square millimeters; a = 


1,000,000 
i. 

Instead of making an actual count of the grains in a 
given area, the information as to grain size may be obtained 
more quickly, though less accurately, by a comparison of 
the projected image with a series of photomicrographs 
taken at the same magnification and in which the grain 
size of each member of the series is known. 

One of the most serious defects in worked brasses and 
bronzes is the strained condition leading to the formation 
of what are known as season cracks. Various articles of 
cold-worked brass may be so badly strained and so imper- 
fectly annealed that storage for a period of from several 
weeks to a number of months, particularly in a moist 
climate, leads to a spontaneous breakdown of the strained 
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metal and the production of large or small season cracks 
(Fig. 89). It has been shown that while season cracking 
may possibly occur in the absence of corroding agents, it is 
markedly accelerated by two specific reagents, ammonia 
and salts of mercury. The cracks differ from normal 
cracks in that they are always intercrystalline, 1.e., they 
follow the grain boundaries. 

It happens frequently that 
this dangerous condition is not 
at all apparent, even on careful 
inspection, so it has become the 
custom in many instances to 
insist on a test for season 
cracking, with aspecified number 
of samples from an entire lot. 
This can be done effectively by 
the immersion of the cleaned 

a . Fic. 89.—‘‘Season cracks’’ in 
samples in a 1 per cent solution g-brass. The black lines are inter- 
of mercurous nitrate containing Symp pet qoute vith 
1 per cent of concentrated nitric 
acid. Satisfactory material should show no cracks in 
a 4-hour period. The season-cracking phenomenon is 
greatly accelerated by this treatment and the tendency 
to crack is disclosed. The danger of season cracking is 
practically removed by annealing the material for 1 hour 
at a temperature of about 300°C. No appreciable soft- 
ening results. 

It is esssential that a-brass that is to be exposed to 
severe mechanical treatment should be free from _bis- 
muth, antimony, iron, and lead, as all are sources of weak- 
ness. For brass that receives only a moderate treatment, 
small percentages of iron or lead will not be dangerous. 
Iron gives to the alloy increased strength coupled with 
increased hardness and decreased ductility, while lead 
acts, as it does with bronze, to reduce the tensile strength 
but to make the brass far more readily machined. Bis- 


90 PRINCIPLES OF METALLOGRAPHY 


muth and antimony tend to form brittle envelopes around 
the a-crystals and to destroy the ductility that makes cold 
work possible. 

For special purposes, small 
percentages of other elements 
are added to the brass alloys. 
The use of lead has been 
mentioned as improving the 
machining qualities although 
reducing the tensile strength, 
but only when the percentage 
of lead is very low (less than 
; 0.5 per cent) can the brasses 

Fig. 90.—Manganese bronze un- be worked hot. Tin, when 
ane ee ee com- added in small quantities, 

increases the hardness of brass 
but causes a marked decrease in ductility. When it is added 
to 70-30 brass in amounts from 1 to 1.5 per cent, an alloy that 
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Fie. 91—Manganese bronze show- Fic. 92.—Same as Fig. 91 but at 
ing the a-reeds in a B-matrix and 250 X. This shows the iron-zine 
the small particles of the iron-zine compound embedded in the brass 
compound. Mag. 100 x. matrix. 


is very resistant to sea water, Admiralty metal, is formed. 
This alloy is now used almost exclusively in the manufacture 
of high-grade condenser tubes. The addition of manganese 
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in amounts less than 4 per cent gives to the brasses very 
desirable properties. It is usually added to brasses of 
the Muntz-metal type, together with small amounts of 
tin, iron, and aluminum. An alloy of this general type, 
called, unfortunately, manganese bronze (Figs. 90, 91, 
and 92), when it should be manganese brass, is much used 
in making propeller blades, rudders, and ship fittings 
exposed to sea water, and for other engineering purposes 
requiring a strong, noncorrodible alloy. Its tensile strength 
is about 50,000 to 60,000 pounds per square inch with an 
elongation of more than 45 per cent. Aluminum, when 
added in very small amounts, increases the fluidity of 
molten brass to a marked degree, rendering the casting 
operation easier and producing cleaner castings. It materi- 
ally increases the strength of the brass but rapidly reduces 
its ductility so that the amount added should never exceed 
3 per cent. 

Aluminum Bronze.—Another technical copper alloy 
of great importance is the alloy with aluminum known 
as aluminum bronze. The diagram (Fig. 93) is not unlike 
the tin-bronze and brass diagrams in its general character 
and complexity. The only alloys of technical importance, 
however, lie in the a-field (copper solid solution varying 
from 0 to about 10 per cent aluminum) and, at the opposite 
side, in the 7-field, which is a series of solid solutions of 
copper in aluminum, saturated at about 10 per cent 
copper. The light alloys of aluminum with copper have 
already been mentioned on page 58. The alloys in the 
a-field have remarkable physical properties, the addition 
of aluminum causing a striking increase in tensile strength. 
In castings, for example, while 30 per cent zinc gives a 
brass with a tensile strength of about 30,000 pounds per 
square inch and 10 per cent tin will give a bronze with 
about 40,000 pounds tensile strength, the addition of 
10 per cent aluminum to copper gives an aluminum bronze 
with a strength of about 65,000 pounds per square inch. 
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Its elongation is about 20 per cent, nearly as great as that 
of brass and twice as great as that of tin bronze, and the 
alloy is considerably harder than either. Aluminum 
bronze is used in the manufacture of castings requiring 
strength and toughness, and is especially resistant to shock 
or to alternating stresses. It has the added advantage 
that it is from 10 to 15 per cent lighter than the correspond- 
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Fia. 93.—Section of copper-aluminum equilibrium diagram. 


ing brasses and tin bronzes. This alloy would be more 
extensively used if it were not for certain difficulties in its 
manufacture that sometimes cause lack of uniformity in 
the finished product. Properly made aluminum bronze is 
a very valuable alloy. 

Beryllium-copper.—The newest addition to the group 
of copper-base alloys is beryllium-copper. The range of 
composition is at present from 1 to 2.25 per cent beryllium 
with pure copper, and the higher percentage gives the best 
properties. The tensile strength of the annealed alloy 


is about 60,000 pounds per square inch with an elongation 
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of approximately 65 per cent. By cold rolling the tensile 
strength may be increased to 100,000 pounds or more with a 
corresponding decrease in elongation to 4 per cent. An 
outstanding characteristic of these alloys is that they may 
be greatly improved by precipitation heat treatment. This 
consists in working, quenching from 800°C., and then 
reheating at a temperature between 250° and 350°C. The 
temperature of reheating and the time at the reheating 
temperature determine the final properties. The tensile 
strength may be increased to 200,000 pounds per square 
inch with a corresponding decrease in elongation to 3 per 
cent. By varying the temperature and time many com- 
binations of tensile strength and ductility may be obtained. 

In addition to the ordinary uses for which an alloy with 
these properties is suitable, the beryllium-copper alloys 
have a very high fatigue resistance and are being used 
successfully in spring manufacture. Another distinct 
advantage of these alloys is that they may be fabricated 
into nonmagnetic and nonsparking tools for use in lacquer- 
ing plants, oil refineries, and similar industries in which a 
fire or explosion hazard exists. The hardness may be 
varied from 215 to 400 Brinell according to the heat 
treatment. The electrical conductivity is much higher 
than that of steel, phosphor bronze, or other high-strength 
materials but is considerably lower than that of copper. 
The corrosion resistance is excellent. The main objection 
to these alloys at present is the high cost. With increased 
production the cost should be materially decreased in the 
future. 

Age Hardening.—The increased hardness and tensile 
strength produced by the heat treatment of the copper- 
beryllium alloys just described and the marked changes 
associated with duralumin (p. 62) and other heat-treatable 
aluminum alloys (p. 65) illustrate the general phenomenon 
of age hardening, a metallurgical operation that is of rapidly 


increasing importance. 
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Certain types of alloys, when heated to an elevated 
temperature, quenched, and then held for a time at some 
predetermined lower temperature, show definite changes 
in properties with time. This constant-temperature proc- 
ess is referred to as aging or more commonly as age 
hardening since the increase in hardness is the most striking 
change that occurs. This may take place at room tempera- 
ture or at some higher temperature depending on the 
composition of the alloy. In general the tensile strength, 
yield point, and elastic limit increase during aging while 
the ductility and malleability decrease. The magnitude 
of these changes is shown below. 

Aging will occur only with those alloys of the solid-solu- 
tion type in which the solubility of the dissolved constituent 
decreases with falling temperature. This condition is 
shown in Fig. 94 in which Z represents a typical age- 
hardenable alloy. At room temperature this alloy consists 
of two phases in equilibrium: a saturated solid solution A 
and another constituent of composition H. This second 
phase may be a pure metal, an intermetallic compound, 
or another solid solution. If the alloy Z is now heated 
above the solubility curve AB to a temperature 7’, all of 
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the constituent H will go back into solution. If the alloy 
is now suddenly cooled to some low temperature, perhaps 
room temperature, it will consist of a supersaturated solution 
of composition Z which is unstable with respect to H. 
Such an alloy will tend to reach equilibrium by rejecting H 
until the composition of the solid solution has again become 
A. At the low temperature, however, it is possible that the 
mobility of the atoms is so limited that this reprecipitation 
process is either entirely prevented or takes place slowly 
over a definite period of time. This latter possibility 
has led to the adoption of the precipitation or dispersion 


Temperature 


Fic. 94.—Type of nro ee diagram of an alloy ete to age-hardening. 
theory to explain age hardening. When a solid, as H, 
Fig. 94, precipitates from a solid matrix, the crystallites 
form keys along the potential slip planes of the matrix, 
thus increasing the resistance to slip (p. 70). This 
results in an increase in hardness with a corresponding 
change in other properties. In the initial stages of pre- 
cipitation the crystallites are too small and too few in 
number to cause a marked increase in hardness. As they 
increase in size and number, the hardness continuously 
increases until a critical particle size and dispersion are 
reached. This causes a maximum resistance to slip and, 
therefore, maximum hardness. Further coalescence of the 
crystallites above this critical size reduces the resistance 
to slip and the hardness decreases. 
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These assumptions would lead to the belief that the aging 
temperature would have a marked effect on the way in 
which hardness changes with time. That this is actually 
true is shown in the group of time-hardness curves indicated 
in Fig. 95. These curves are, in general, characteristic 
of all age-hardenable alloys and on the basis of the precipita- 
tion theory may be explained as follows: 

Curve 1. At very low temperatures the atomic mobility 
of the quenched alloys is so low that precipitation of the 
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Fig. 95.—Relations between aging temperature, aging time and resulting 
hardness. 


hardening constituent cannot take place and hardness does 
not change with time. 

Curve 2. If the aging temperature is raised, the atomic 
mobility is increased and a temperature is soon reached at 
which the precipitation of the hardening constituent will 
begin after a definite period of time. The time interval 
before precipitation starts is the incubation period and is 
shown by the horizontal segment AB of curve 2. When 
precipitation starts the hardness increases, and, as the 
particles approach the critical size and dispersion, the 
actual hardness corresponds to point C. On further aging 
at this temperature the hardness Stays constant as no 
additional change takes place in the size or distribution 
of the precipitated particles. 


NONFERROUS ALLOYS OF TECHNICAL IMPORTANCE 97 


Curve 3. A slightly higher aging temperature develops 
a time-hardness curve of the same general shape. The 
incubation period is shorter and the increase in hardness 
more rapid. The maximum hardness is also greater 
because at the higher temperature the precipitated particles 
grow to a size more nearly approaching the critical size 
for maximum hardness. 

Curve 4. At a still higher temperature the precipitated 
particles not only reach the critical size indicated by the 
peak D but even coalesce to such an extent as to cause a 
decrease in hardness with increased time. This softening 
is called over-aging. 

While the precipitation theory accounts for the changes 
in hardness and allied properties, the measurement of 
these changes alone does not prove that precipitation 
actually takes place. Other evidence is needed. If pre- 
cipitation does take place during aging, a volume change 
would be expected and could be shown by density or 
dilatometric measurements. 

Since the precipitation of the constituent is caused by 
the decomposition of a solid solution, the electrical conduc- 
tivity of the alloy should increase and the lattice parameter 
and volume should change as hardening progresses. These 
effects have been found during the age hardening of many 
alloys such as copper-beryllium, aluminum-silicon, silver- 
copper, iron-molybdenum, and iron-tungsten. 

There is, however, an important group of age-hardenable 
alloys including aluminum-copper (duralumin), iron-carbon, 
and iron-nitrogen, which are abnormal in the sense that 
during the aging at low temperatures marked increases 
in hardness occur while the volume remains constant, the 
electrical conductivity decreases instead of increases, and 
the lattice parameter (p. 270) of the solid solution remains 
constant. Apparently, then, all these alloys age-harden 
without precipitation and the precipitation theory does not 
apply. The hardening effect must be due to changes 
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taking place within the solid solution. The knot theory 
has been advanced to account for this apparently anomalous 
situation. Reference to the aluminum-copper system 
shows that, whenever duralumin with about 4 per cent 
copper is heated to 510°C. before quenching, the alloy 
consists wholly of the aluminum-rich solid solution. After 
quenching, the solid solution becomes supersaturated 
with respect to the compound CuAl, and there is a tendency 
for it to precipitate. According to the knot theory, the 
CuAl, particles cannot form if the copper atoms remain 
widely scattered throughout the aluminum lattice. The 
theory then suggests that immediately after quenching 
the copper atoms begin to diffuse from point to point on the 
aluminum lattice into those positions that will be favorable 
for the formation of CuAl, crystallites, but that the atomic 
mobility is not great enough to allow the actual precipita- 
tion. This means that after complete aging at room tem- 
perature the copper is still in solid solution, but, instead 
of being distributed at random, the copper atoms are now 
segregated in groups or knots, causing severe local distor- 
tion of the aluminum lattice. This distortion will roughen 
the potential slip planes and so increase the hardness. 
Lattice distortion will also decrease the electrical conduc- 
tivity but, since there is no actual precipitation, no volume 
or lattice-parameter changes should occur. 

When duralumin is aged at higher-than-room tempera- 
ture (perhaps 300°C.), the atomic mobility increases to such 
an extent that the knots actually precipitate as CuAl, 
particles. This aging may be shown by volume and con- 
ductivity changes and by zv-ray measurements. Above 
300°C., then, the age hardening of duralumin is explained 
by the precipitation theory. On aging between 150 and 
200°C. hardening begins before precipitation. Precipita- 
tion finally takes place, however, with a further increase 
in hardness. In this temperature range, therefore, both 
the precipitation theory and the knot theory are needed. 
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It should be noted that the two theories do not conflict. 
but that they account for the two types of age hardening 
known to occur. 

Defective Material.—The use of the microscope in the 
determination of defective conditions in alloys forms an 
important part of the study of metallography. Reference 
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Fic. 96a.—Formation of islands of @ in #-field. Etched with NHsOH and 
(NH4) 2820s. a@ very slightly attacked. Mag. 75 xX. 
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has been made in various places to improper conditions as 
shown by the microscope. The photomicrographs (Figs. 
96 to 99) illustrate the application of the microscope to the 
detection of defective material.! 

1 Extended discussion of the technical nonferrous alloys will be found in 
Law, ‘Alloys and Their Industrial Applications’; Guuuivmr, ‘ Metallic 
Alloys”; Descu, ‘‘Metallography”’; Arrcuison and Barcuay, ‘Engineering 
Nonferrous Alloys.’’ References to current practice will be found in the 


‘“‘Tnstitute of Metals’’ (British) and in the ‘‘American Institute of Metals’”’ 
which has recently become affiliated with the ‘‘Institute of Mining and 


Metallurgical Engineers.” 
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Fia. 96b.—Part of the same tube etched with NH:OH and HO». 
Mae fo <e 


Fig. 97a.—Slip bands and mechanical twins in severely worked a-brass pipe 


which failed from serious corrosion. Etched with NHsOH + H2Oo. Mag. 
000 X. 
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Fic. 97b.—Layer formation in defective condenser tube showing a@ and 
a+ B-layers. Mag. 75 X. 


Fic. 98.—“ Dezincified’’ Muntz metal (copper 60 per cent, zinc 40 per cent). 
The zinc has been partly removed by corrosion leaving dark copper-rich patches. 
Etched with NHsOH + H:2Oo. Mag, 100 X, 
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Fig. 99a.—Cartridge brass. Insufficiently annealed. Mag. 75 X. 


CHAPTER IV 


IRON AND STEEL 


The most important applications of metallography, as 
well as the most difficult, involve a study of the uses, 
defects, and methods of heat treatment of iron and steel. 
The difficulties in the study of this series of iron-carbon 
alloys may be traced to various causes, among them the 
fact that in this field, even in what are known as the plain 
carbon steels, we are dealing, not with a simple alloy of 
iron and carbon, but with an exceedingly complex alloy 
of iron, carbon, phosphorus, manganese, sulphur, and 
silicon. While the effects of the last four elements, when 
they are present in small quantities, as is usually the case, 
are not comparable with the effects produced by compara- 
tively slight changes in carbon content, no single constituent 
can be wholly neglected. An increase in any one of them, 
above a certain maximum, causes far-reaching changes in 
the physical and metallographic properties of the metal. 
When elements like chromium, nickel, vanadium, or 
tungsten are added in making the alloy steels (self-harden- 
ing, high-speed tool steel, etc.), the situation becomes so 
complex that little is known from an equilibrium standpoint. 

A second factor that complicates the exact study of the 
iron-carbon diagram is that the iron exists in several 
allotropic forms, each one of which has different physical 
properties, notably magnetic properties, and each one varies 
in its ability to dissolve carbon. 

Critical Points in Pure Iron——When molten iron is 
cooled under conditions that make it possible to determine 
the temperature changes taking place as it cools to room 


temperature, breaks in the cooling curve will be found at 
103 
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about 1537°C. (the freezing point of iron), 1403°C. 906°C., 
and 768°C. The slight effect at 1403°C. is due to an 
allotropic change in the iron. This is confirmed by x-ray 
analysis (see p. 266) and magnetic examination. The form 
of iron existing above 1403°C. is called 6-iron and has been 
studied independently by several investigators. From 
1403°C. to 906°C. the crystal form of the iron is that of 
the face-centered cube (p. 268) and is known as y-iron. 
The heat evolution at 906°C. is marked, there is a sharp 
change in the crystal form, and the iron loses most of its 
power for dissolving carbon. 

The causes of the slight heat evolution at about 768°C. 
are not so clear. The x-ray shows the space-lattice of the 
iron to be the same above 768°C. (up to 906°C.) as it is 
below it, indicating the absence of change in crystal form 
at this temperature. There is a marked magnetic effect 
in the neighborhood of this point, but the change is not a 
sharp one. Some investigators find a slight dilation at 
768°C., but this has been questioned by others. If 
allotropy is defined as a change in crystal form, then 8-iron, 
which would occur in the range from 906°C. to 768°C., 
does not exist as an allotropic form. Many metallog- 
raphers doubt its existence. It is certain, however, that 
discontinuities in several properties of iron occur at 768°C., 
so that the existence or nonexistence of 8-iron is largely a 
question of definition. Fortunately, the changes taking 
place at this temperature are not involved in any of the 
ordinary processes of heat treatment, so that the occurrence 
of iron in the 6-form may be left, for the present, as an 
academic question. 

If the iron is reheated, the temperature changes just 
considered take place in the reverse direction corresponding 
to absorptions of heat. The first of these occurs at 768°C., 
the temperature found in cooling. The second absorption 
of heat, however, corresponding to the formation of y-iron 
is always found at a temperature higher than the change 
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on cooling. Temperatures corresponding to these heat 
effects, occurring both when iron is cooled from a high 
temperature and when it is heated from a low one, together 
with other heat changes to be considered later, are com- 
monly known as critical points, though sometimes as retar- 
dations, or transformation points. 

These points were first investigated by the French 
metallurgist, Osmond, and the symbols proposed for them 
by him have been universally adopted. All are indicated 
by the letter A (arrét meaning “‘arrest’’). Points found on 
cooling are called Ar points (r from the French refroidisse- 
ment, meaning ‘‘cooling’’), while the reverse changes are 
known as Ac points (c from chauffage, meaning ‘‘heating’’). 
The Ac points are in general from 10° to 30°C. higher than 
the Ar points. Complete identification of a critical point is 
made by giving it a number, the higher number correspond- 
ing to a higher temperature effect. Ar, would then indicate 
that point at about 1403°C. where the first evolution of 
heat on cooling is noticed. Ar; would correspond to the 
heat evolution at about 906°C., and Ac; to the point at 
which heat is absorbed on heating. The Ac; point would 
be found at 915 to 935°C. depending on the purity of the 
material. Ar, and Ac, occur at the same temperature 
(about 768°C.). The A, point is not found in pure iron 
but is associated with the carbon in steel and will be con- 
sidered later. 

Many attempts have been made to prepare chemically 
pure iron, but, while solid impurities can be excluded, it is 
practically impossible to remove all the gases that have 
been dissolved. The purest forms commercially available 
are electrolytic iron (Figs. 100-101), often containing more 
than 99.95 per cent iron, and American ingot iron, a form 
of open-hearth iron, containing 99.90 per cent or more of 
iron (Fig. 102). 

An extensively used form of iron known as wrought iron 
is commonly made by the puddling process. Pig iron is 
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quickly melted in a furnace, the temperature of which is 
somewhat lower than the melting point of pure iron. 


Fie. 100.—Electrolytic iron as Fic. 101.—Electrolytic iron after 
deposited. Etched with nital. (See annealing at 900°C. Shows grains of 
appendix.) Mag. 250 x. pure iron. Etched with nital. 

Mag. 150 xX, 

This rapid melting is for the purpose of removing most 
of the manganese, silicon, and phosphorus. Carbon is 
then removed therefrom by the addition of iron oxide; 

= as the carbon content de- 
creases, the melting point of 
the mass increases, so that, 
when the carbon is almost 
gone and comparatively pure 
iron appears in the bath, the 
product becomes pasty. The 
pasty mass is rolled into balls 
and these are removed to the 
squeezer, a form of roll that 
Squeezes from them most of 


Fie. 102.—‘‘ Armco”? iron (Ameri- TOT : 
can ingot iron). Shows ferrite the slag originally present in 


grains. Etched with nital. Mag. ‘the mass. The stil] plastic 


100 X. . ; 
mass 1s then rolled into bars; 


as a result, the slag remaining in the iron is greatly elongated 
and is visible under the microscope, usually as stringers or 
fibers, though sometimes as slag masses of considerable size 
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(Figs. 103-104). The transverse section of wrought iron 
shows irregular, rounded masses, representing cross sections 
of the slag fibers (Fig. 105). It should be noticed that the 
iron itself shows the regular polyhedral structure of all pure 
Wroveut Iron. Etcuep with Nirat. Maa. 100X 


Fic. 103.—Dark slag fibers in ferrite. Longitudinal section. 


Fic. 104.—Large slag mass show- Fic. 105.—Transverse section 
ing a duplex structure. Matrix is showing cross sections (dark) of 
ferrite. Longitudinal section. slag fibers. 


metals. The fibrous structure is due to the slag. The 
outstanding characteristic of wrought iron is its ease of 
welding and its resistance to shock. It is frequently said 
to possess better resistance to corrosion than steel. 

The Aston Process is a so-called synthetic one for making 
wrought iron. The constituents in pig iron are removed 
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to a great extent in a Bessemer converter, after which the 
molten metal is poured into a suitable liquid slag that has 
been made in an open-hearth furnace. The liberation 
of gases produced at this stage breaks up the metal into 
fine particles. These particles become mixed with slag and 
settle to the bottom of the container in a form similar to the 
puddled balls produced in the regular process. The opera- 
tions that follow are the same as those for the puddled iron. 


Fria. 106.—Supposedly genuine wrought iron but actually wrought iron (center 
section with slag) mixed with mild steel. Nital etch. Mag. 100 x. 

While these comparatively pure iron alloys are used to a 
considerable extent, the most important of all metallic 
materials is the great group of iron-carbon alloys known 
either as (1) steel or as (2) cast tron, depending on the 
composition, especially on the carbon content. Itis beyond 
the scope of this book to consider, except in a general way, 
the many problems connected with the metallography and 
the heat treatment of iron and steel. For detailed informa- 
tion, the reader is referred to one of the larger books dealing 
exclusively with iron and steel.! 


1 Sauveur, “The Metallography and Heat Treatment of Tron and Steel.” 
Carnegie Handbook, ‘The Making, Shaping, and Treating of Steel.” 
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The Iron-carbon Equilibrium Diagram.—Many metal- 
lographers have studied the alloys of iron and carbon in 
great detail and have proposed equilibrium diagrams or 
have suggested modifications of the earlier ones. The 
diagram shown in Fig. 107 represents one that has been 
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Fig. 107.—The iron-carbon equilibrium diagram. 


constructed from the data of a number of investigators. 
The liquidus is represented by ADJF and the solidus by 
ABCHIJ. The 6-iron region is shown on a larger scale 
in Fig. 108. 

The iron-carbon diagram shows the presence of a eutectic 
I, which is known as ledeburite. It consists of an intimate 
mixture of the solid solution of composition H and iron 
carbide, Fe;C, known as cementite, corresponding to J. It 
also shows the presence of aeutectoid M. The composition 
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M consists of an intimate mixture of the solid solution L 
and iron carbide N. The eutectoid, when highly polished, 
etched, and viewed: by light reflected from its surface at 
certain angles, has the iridescence of mother-of-pearl and 
is known metallographically as pearlite. 

Ferrite is the term that is applied to solid solutions in 
which body-centered iron (either 6 or a) is the solvent. 
The solid solution in which 6-iron is the solvent is desig- 
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Fie. 108.—6-iron region of iron-carbon equilibrium diagram. 


nated 6-ferrite while that in which a-iron is the solvent is 
termed a-ferrite. According to this nomenclature, the 
area bounded by ABG@ is 6-ferrite and the area KLO is 
a-ferrite. The area GCHMK represents a solid solution 
in which y-iron is the solvent. This solid solution is 
termed austenite. 

A discussion of a number of alloys of iron and carbon 
with varying amounts of the latter will clarify the interpre- 
tation of the diagram. 

Alloy 1 (Figs. 107 and 108) on cooling to a begins to 
solidify with the separation of é-ferrite of composition ay. 
On further cooling the carbon content of the 6-ferrite crys- 
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tals increases until the solidification is completed at 6; 
unsaturated 6-ferrite exists from b to c. Further cooling 
from c to d causes a gradual transformation of 6-ferrite into 
austenite. This transformation is completed at d. Austen- 
ite is present as such until the temperature e is reached 
when a-ferrite begins to form. Between e and f, a-ferrite 
continues to form while the remaining austenite becomes 
enriched in carbon as it shifts in composition along the line 
KM. Atf the excess a-ferrite has the composition L andthe 
remaining austenite the composition M. At this tempera- 
ture (eutectoid temperature), the austenite is transformed 
into pearlite. The final structure is a-ferrite and pearlite. 

Alloy 2 behaves in a manner similar to alloy 1 except 
that at h a peritectic change takes place. At this tempera- 
ture, solid of composition B reacts with liquid of composi- 
tion D to form austenite of the composition C. More 
solid of composition B is present than is necessary to react 
with D to form C. On further cooling, 6-ferrite shifts in 
composition along BG and the austenite along C@ until at 
7 the change into austenite is complete. On further 
cooling the changes are similar to those taking place in 
alloy 1, the a-ferrite beginning to form at j. 

Alloy 3 behaves exactly like alloy 2 except that the 
amount of 6-ferrite of composition B is just sufficient to 
react with all of the liquid of composition D to form 
austenite of composition C. Alloy 4 has liquid left over 
after dissolving all of B so that, on further cooling, the 
composition of the liquid shifts along DJ and the austenite 
along CH until ¢ is reached. a-ferrite begins to form when 
the alloy reaches the temperature designated by r. At s 
the remaining austenite is transformed into pearlite. 

Alloy 5 begins to solidify at ¢, final solidification takes 
place at u, and at v carbon comes out of solution as iron 
carbide, Fe;C. This point is known as the Acm point. 
The solubility of carbon in y-iron decreases with decrease 
in temperature and the austenite therefore shifts in com- 
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position along HM. At w the remaining austenite has 
reached the eutectoid composition and is transformed 
into pearlite. This alloy will show cementite together 
with pearlite. 


PEARLITIC STEELS. EtTcHED witH NITAL 


Fie. 109.—Carbon 0.12 per cent. Fic. 110.—Carbon 0.59 per cent. 
Dark areas are pearlite. White Dark areas are pearlite. White 
matrix is ferrite. Mag. 100 x. matrix is ferrite. Mag. 100 xX. 
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Fie. 111.—Carbon 0.85 per cent. Fie. 112—Carbon 0.85 per cent. 
Pearlite. Mag. 250 x. Pearlite showing Fe;C lamellae. 
Mag. 3,000 xX. 


The formation of the eutectoid on cooling is always 
accompanied by a marked evolution of heat. If the 
percentage of carbon is high (0.75 per cent or more) and 
if the cooling from a high temperature takes place in a 
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darkened room, the heat evolution is great enough to 
produce a visible reddening of the metal. Because of 
this reheating phenomenon this point is often called the 
recalescence point. It represents the Ar, point. The 
reverse of this change takes place at a somewhat higher 
temperature than that corresponding to Ar; and represents 
the Ac, point. The temperature range including the 
critical points is often called the critical range. 

Steels containing less carbon than that corresponding 
to the eutectoid (0.85 per cent carbon) are known as 


Fic. 113.—Carbon 1.3 per cent Fia. 114.—Carbon 1.3 per cent. 
showing dark pearlite and white net- Etched with alkaline sodium picrate 
work of cementite. Etched with to distinguish cementite from ferrite. 
nital. Mag. 100 X. Cementite is etched black and 

ferrite (in pearlite) is unattacked. 


hypo-eutectoid steels while those from 0.85 to 1.7 per cent 
carbon are known as hyper-eutectord steels. 

a-ferrite has a tensile strength of from 40,000 to 45,000 Ib. 
per square inch and a eutectoid steel has a tensile strength 
of from 115,000 to 125,000 lb. per square inch. The tensile 
strength decreases with increase in carbon beyond the 
eutectoid composition in the case of slowly cooled steels. 
In the same manner, the ductility, as measured by the 
elongation in the tensile test, decreases with increase in 
the carbon content. 

The microstructures of steels with increasing carbon 
content are shown in Figs. 109 to 114 inclusive. 
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Incomplete Transformations. While the steels in com- 
plete equilibrium (pearlitic steels) are much used for 
special purposes in which ductility is essential, by far the 
greater part of the steel used in industry is that in which 
the transformation of austenite to pearlite has been more 
or less suppressed with the formation of intermediate 
decomposition products. The operations involving these 
suspended transformations as well as other closely allied 
mechanical and chemical operations are grouped collec- 
tively under the general heading the heat treatment of steel. 
Very little steel is used without some sort of heat 
treatment, even though this may be very simple. The 
operations commonly classified under heat treatment are 
annealing, normalizing, quenching or hardening, tempering 
or drawing, and case hardening. 

Annealing.—The first of these processes, annealing, 
precedes almost every operation, either of heat treating 
or of a mechanical character, such as in the preparation 
for machining. The three main purposes of annealing 
are: (1) to soften the steel to make it more easily machined 
or to meet definite mechanical specifications; (2) to relieve 
stresses produced by forging, rolling, drawing, or unequal 
contraction, as in the cooling of castings; (3) to refine the 
grain structure of the steel. 

Annealing involves three steps; (1) heating to a suitable 
temperature, (2) holding for a definite time at the high 
temperature, and (3) slow cooling. 

1. Heating.—The steel should be heated slowly and 
uniformly to a temperature that is determined by its carbon 
content. The following ranges of temperature are recom- 
mended by the American Society for Testing Materials: 


Carbon Content, Annealing 
Per Cent Temperature, °C. 
Less than 0.12 875 to 925 
0.12 to 0.25 840 to 870 
0.30 to 0.49 815 to 840 


0.50 to 1.00 790 to 815 
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It will be noted that this temperature is slightly above 
the upper critical point (Ac3) in each case. A heating 
temperature 20° to 30°C. above the critical range is satis- 


OVERHEATED AND BuRNED Streets. NiraLt Ercuep. 
Maa. 100 


Fic. 115.—Overheated medium- Fig. 116.—Overheated high- 
carbon steel. Large dark masses are carbon steel. Large dark masses 
pearlite with white ferrite network. are pearlite. Light network and 

needles are cementite. 


Fig. 117.—Burned high-carbon Fig. 118.—Burned high-carbon 
steel showing fusion at the grain steel showing separation of the 
boundaries and martensite (p. 124). grains and martensite. 


factory for the annealing of hypo-eutectoid steels (less than 
0.85 per cent carbon). An increase in temperature much 
above that specified causes a marked increase in the size 
of the grains with a corresponding decrease in some of 
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the mechanical properties, notably the shock resistance 
of the steel. Excessive temperatures either in the anneal- 
ing or in the hardening operation lead to marked grain 
growth. Steel in this condition is said to be overheated 
(Figs. 115 and 116). The large grains produced by over- 
heating can generally be refined by annealing at the proper 
temperature or by normalizing. Burned steel cannot be 
restored by heat treatment and must be remelted. 
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Fig. 119.—Overheated hypo-eutectoid steel. The white interlaced masses 


of ferrite form what is called the Widmanstitten structure. Etched with nital. 
Mag. 100 X. 


2. Heating Period.—The time during which the steel 
should be kept at the annealing temperature depends on 
the original condition of the material and the purpose of 
the annealing. Under normal circumstances, the time is 
about 1 hour per inch for a piece 12 inches thick or smaller. 
If, however, the steel was originally badly strained, anneal- 
ing may require several hours or even days. Alloy steels 
require a longer heating period than plain carbon steels. 

3. Cooling.—Rapid cooling from a temperature above 
the critical range results in varying degrees of hardness, 
as will be shown later (p. 122). Since the usual purpose 
of annealing is to produce soft (pearlitic) steel, the cooling 
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is retarded (a) by cooling in the furnace; (b) by insulated 
cooling in which the steel is packed in lime, clay, sand, 
ashes, or other heat-insulating material; (c) by air cooling 
under special conditions and with a carbon content of less 
than 0.50 per cent without danger of serious hardening. 
In the case of hypo-eutectoid steels, normalizing involves 
air cooling from above the critical range. 
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Fia. 120.—Annealed 0.85 per cent 
carbon steel showing the beginning 
of the spheroidization of iron carbide 


Fic. 121.—High-carbon steel (1.2 
per cent carbon) showing complete 
spheroidization of the iron carbide. 


Spheroids are iron carbide and 
matrix is ferrite. Etched with 
nital. Mag. 500 *. (Zavarine.) 


In dealing with very high carbon steels (hyper-eutectoid), 
the pearlite is greatly in excess of the cementite. If the 
cementite is fairly finely divided, the purposes of annealing 
can best be accomplished by heating above the Ac, point 
rather than above the Acm temperature. 

In case the cementite occurs in the form of needles or 
spines or as a network of hard, brittle material, normalizing 
by heating above the Acm temperature is often used in 
order to dissolve the cementite; the metal is then cooled 
rapidly. Unless the piece to be normalized is large, air 
cooling is rapid enough to prevent the re-forming of the 
cementite. The high temperature necessary for normaliz- 
ing causes a grain growth that can be overcome by a 
secondary annealing slightly above Ac;. Long-continued 


(cementite) in the pearlite. Etched 
with nital. Mag. 250 X. 
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heating at Aci, or slightly below it, causes the separation 
of the cementite, not in the usual form of needles or spines, 
but as rounded masses or nodules, referred to as spherozds. 
This operation, often called spheroidizing, is a great help 
in producing a structure suitable for the machining of 
high-carbon steels (Figs. 120 and 121). Tool steel with its 
cementite in the network or mesh form is difficult to cut, 
but may be machined fairly readily if the needle-like or 
network cementite is changed to the spheroidal form. In 
high-carbon steels, about 75 per cent of the iron carbide 
is spheroidized to give the requisite softness for ready 
machinability. 

Complete spheriodization is not desirable for machining 
as the steel then becomes too soft for the purpose. 

Mechanical Work.—While much steel is used as cast, 
more of it is subjected to some form of mechanical work, 
as rolling, forging, wire drawing, or other operations. It 
is necessary in this connection to consider the temperature 
at which mechanical work is performed, and a distinction 
is to be made between hot and cold work. 

Hot Work.—No precise statement as to the boundary 
between hot and cold work can be given, but, in general, 
hot work is done in that temperature range in which the 
grains of the metal are not permanently deformed by 
mechanical action. The temperature division between 
hot and cold work is commonly considered to be the critical 
range, at least in the case of hypo-eutectoid steels. Hot 
work is carried out above Ars and cold work below Ary. 
In the range between Ar; and Ar, a deformation of the 
ferrite takes place, but, if work stops at a temperature 
high enough above Ar,, re-formation will take place with a 
restoration of the equiaxed grains. The danger of passing 
into the true cold-working range, however, is great enough 
so that it is probably safer to take Ars; as the lower limit 
of hot working. An exception is found in very low carbon 
steels which, after severe deformation, may recrystallize 
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at temperatures as low as 450°C. and always below 700°C. 
Hot work, then, with steels of this class and with wrought 
iron may be carried out at much lower temperatures than 
can be used with ordinary steels. 

The purposes of hot work are mainly three: (1) to change 
the shape of the part; (2) to close small holes or cavities in 
the metal; and (3) to refine the grains. 

The first of these is the obvious one of making a tool, a 
rail, or other fabricated part from the plastic metal. The 
second purpose takes account of the fact that steel is 
sometimes unsound, owing to the presence of small cavities 
(gas pockets) in the metal. Hot work on material in this 
condition closes the blow holes, increases the density, and 
improves the mechanical properties of the metal. The 
third, and a very important function of hot work, is to refine 
the grains of the steel and thus to improve its mechanical 
properties. This is one of the best methods of restoring 
overheated steel to a useful condition. 

After the steel has been heated to the necessary tempera- 
ture above the critical range, it may be formed by (1) 
hammering and drop forging, (2) pressing, or (3) rolling. 
With parts that are to be greatly reduced in thickness or 
that are originally thin, forging puts the steel in excellent 
condition. With larger pieces and with less reduction, 
the drop hammer has more nearly local effects, so that 
improvement in quality and refinement of the grains take 
place largely at or near the surface. To insure a more 
uniform condition of heavy steel parts, the forging press 
is often used. The use of this method results in a kneading 
action extending to a much greater depth than is the case 
with drop forging. Rolling is the cheapest and most 
rapid method of shaping steel, and, while the quality of 
the steel produced is not quite equal to that made by forg- 
ing or pressing, it is excellent material and widely used 
in the form of rails, bars, and structural shapes, and for 


similar purposes. 
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Finishing Temperature.—An important term used in 
connection with hot working is finishing temperature. 
This refers to the temperature at which the mechanical 


Fig. 122.—Steel as cast. Dark is Fic. 123.—Cast steel refined by 
pearlite. White is ferrite. Nital reheating slightly above Ac;. Dark 
etch. Mag. 100 xX. particles are pearlite. White matrix 

is ferrite. Nitaletch. Mag. 100 x. 


Fie. 124.—Cast steel refined by Fie. 125.—Cold-worked low-car- 
hot working to Ar3;. Dark particles bon steel showing elongated grains of 
are pearlite and white field is ferrite. ferrite containing dark pearlite. 
Nital etch. Mag. 100 x. Nital etch. Mag. 100 x. 


operation stops. Owing to the growth of the grains after 
the work stops, it follows that the higher the finishing 
temperature the larger will be the grains and the less 
satisfactory the material. So .close a relation exists 
between grain size and finishing temperature that a skilled 
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observer can usually determine the approximate tempera- 
ture by a study of the grain size. Some of the effects of 
work and annealing are shown in Figs. 122 to 130. 
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Fig. 126.—Very coarse structure Fic. 127.—Same as Fig. 126 refined 
resulting from slight work at a high by reheating slightly above Acs. 
temperature. Dark is pearlite. 

White is ferrite. 


Fic. 128.—Hot-rolled steel finished Fic. 129.—Same as in Fig. 128 but 
above Ars. Dark is pearlite and refined by reheating at Ac. 
white is ferrite. 


Cold Work.—Cold work is carried out at temperatures 
below the critical range. The effects are exactly the same 
as with the nonferrous metals. Tensile strength and 
hardness increase, with a corresponding decrease in ductil- 


f 
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ity. An elongation of the grains is often noted. Cold 
working is often done for one or more of the following 
reasons: 

1. It is always possible to finish more exactly to a 
required size and with a better surface than is possible 
by hot working. 

2. Wire and sheets are often drawn or rolled cold to 
give the desired tensile strength, hardness, springiness, 
and surface condition. 


Fie. 130a.—Banded _ structure Fig. 1306.—White ferrite streaks 
often found in hot-rolled low-carbon in hot-worked high-carbon steel. 
steel. Etched with nital. Mag. Nital etch. Mag. 250 X. 

100 X. 


3. Small axles and shafts are often cold-rolled to increase 
stiffness and to increase the surface hardness. 

Hardening.—It has been shown previously that harden- 
ing in general may be produced by (1) cold work, (2) by 
the formation of intermetallic compounds, or (3) by the 
formation of solid solutions. The third method is that 
commonly considered in the hardening of steel. The dia- 
gram, Fig. 107, page 109, shows that in the irregular area 
GCHMK a solid solution of carbon in y-iron exists. It 
is not known positively whether in this solution the 
carbon occurs in atomic dispersion or is combined as 
the carbide. The former condition is more probable. 
Hardening of steel, then, in the usual meaning of the 
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word, is caused by suddenly cooling, or quenching, from 
the proper temperature. 

Hardening involves two operations: (1) heating and 
(2) rapid cooling, or quenching. As the sudden cooling 
for the purpose of hardening subjects the steel to a shock 
of great severity because of the sharp temperature drop, 
it follows that the preparatory heating must be carried out 
with great care. Assuming that the piece to be hardened 
has been carefully annealed or normalized, the temperature 
is raised gradually enough to allow it to increase as uni- 
formly as practicable throughout the mass of metal. Too 
rapid heating often means nonuniform heating with the 
great danger of cracking due to the stresses set up on 
quenching. The temperatures needed are substantially 
the same as in the annealing operation, 7.e., above Ac; for 
the hypo-eutectoid steels and above Ac, when the carbon 
content is greater than 0.85 per cent carbon. Overheating 
and burning are even more dangerous with steel that is to 
be hardened than with annealed steel. Heating in lead 
or a fused salt is often done in heating for hardening in 
order to insure uniformity of heating. As a result of the 
heating, a complete solution of the carbon in y-iron is 
effected in the case of hypo-eutectoid and eutectoid steels, 
and most of the carbon is dissolved in the hyper-eutectoid 
steels. 

The quenching operation may be carried out under 
exceptional conditions in such a way that the complete 
solid solution, austenite, is retained at room temperature. 
This is generally not possible in the case of a plain carbon 
steel, even after the very rapid cooling of a high-carbon 
steel. The slow cooling following the annealing operation 
leads to a complete decomposition of the solid solution 
into a mixture of ferrite and pearlite, cementite and pearlite, 
or pearlite alone, depending on the original carbon content. 

Between the products formed either by very rapid or by 
very slow cooling, each condition representing true equilib- 
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rium, are several intermediate cooling products sufficiently 
characteristic to be distinguished microscopically and 
mechanically from each other, with austenite and pearlite 
forming the ends of the series. These intermediate 
conditions have been named without reference to their 
structures or properties but simply to commemorate certain 
of the early metallographers. Starting with austenite, 
the complete solid solution, the first stage in its decomposi- 
tion is martensite, after Martens. This is followed by 
troostite, named from the French metallurgist, Troost. 
Next comes sorbite, named from Sorby, and, finally, the 
completely transformed austenite, pearlite, either free or 
associated with ferrite or cementite. The breakdown of 
austenite may be indicated graphically as follows: 


Austenite 
Martensite 
Troostite 


Sorbite 


| Pearlite and ferrite 
Pearlite or 


Pearlite and cementite. 


These intermediate conditions may all be formed by 
suitably regulating the cooling rate. In practice, only 
austenite, martensite, and troostite are considered to be 
the products of hardening. The rest are formed either 
by tempering (p. 128) or by annealing (p. 114). 

The rate of cooling has a profound effect on the position 
of the Ar, point. This is illustrated in Fig. 131 which 
represents the ‘‘quenching diagram” for a 0.95 per cent 
carbon steel quenched from 810°C. as determined by 
French and Klopsch. The Ar, point is gradually lowered 
as the cooling rate is increased until two heat effects are 
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noted. The upper effect is designated as Ar’ and the 
lower as Ar’. The transformation of austenite into 
martensite occurs at the lower temperature. As the cooling 
velocity is further increased, a rate is finally obtained at 
which only the lower point is detected. This particular 
velocity is known as the critical cooling rate and indicates 
the rate at which all of the austenite is converted into 
martensite. More drastic quenching produces martensite 
together with austenite. 
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Cooling Velocity, deg. C. per sec. Determined at 720°C, 
Fic. 131.—‘‘ Quenching diagram”’ for a 0.95 per cent carbon steel. (French and 
Klopsch.) 


The critical cooling rate of the steel represented in 
Fig. 131 under the particular test conditions is 160°C. 
per second. Additional results obtained by these two 
investigators show that an increase or decrease in the 
carbon content raises this rate materially. 

The critical rate of cooling is also lowered as the tempera- 
ture from which the cooling begins is increased, and by 
the presence of alloying elements. 

Interniediate products such as sorbite and _ troostite 
occur when cooling rates between slow cooling and the 
critical cooling rate are used. 

Austenite is not nearly so hard as martensite but pos- 
sesses great toughness as exemplified in the high-manganese 
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and high-nickel steels, as well as in a certain type of rustless 
alloys such as the one containing approximately 18 per cent 
chromium and 8 per cent nickel. They are discussed in 
the section dealing with alloy steels. 

Austenite exhibits the polygonal grain structure charac- 
teristic of pure metals and solid solutions. It is non- 
magnetic. When subjected to cold work followed by a 
reheating to a suitable temperature, there is produced a 
twinned structure similar to that exhibited by a-brass 
after a similar treatment. Such a structure is shown in 
Fig. 185. 

Martensite is the usual product of a drastic quenching 
operation (Fig. 132). It is generally considered to be a 
solid solution of carbon in a-iron and is so hard as to be 
practically nonmachinable. Associated with the hardness 
is a brittleness that makes it undesirable except in a few 
special cases. It has been used, because of its great hard- 
ness, in the making of burglar-proof safes, in special files, 
and in the surfaces of some die blocks. 

In practice the martensite is allowed to change partly 
to troostite, giving the metal increased toughness and 
ductility with a corresponding decrease in hardness and 
tensile strength. Troostite consists of finely divided car- 
bide particles in a-iron. Whether martensite or troostite 
is formed depends on the cooling rate, which is in turn 
determined by the size of the piece that is being hardened, 
the composition, and the hardening medium. In the great 
majority of cases, the speed of cooling may be controlled 
by the use of brine, caustic soda solutions, water, or 
some one of a small list of animal, vegetable, or mineral 
oils. Brine or sprayed water will provide a high cooling 
rate and therefore produces a high hardness, while ‘’a viscous 
oil cuts down the cooling rate considerably. Between 
these extremes there are a few oils of varying degrees of 
viscosity which are suitable for intermediate quenching 
rates. The center of a large mass of water-guenched steel 
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is commonly troostitic in character. Troostite is also 
usually produced by quenching in oil. 

The theory of hardening is readily understood; the 
practice requires judgment and experience. A few funda- 
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Fia. 132.—Martensite showing Fic. 133.—Martensite and troost- 
acicular structure. Mag. 500 X. ite (black). Mag. 250 X. 


Fig. 134.—Same as Fig. 133 but Fig. 135.—Austenite (white ma- 
at Mag. 500 X. Needle-like struc- trix), martensite (dark zigzagged 


masses) and troostite (dark rounded 


ture of martensite isshown. Troost- t 
: patches). Nitaletch. Mag. 250 x. 


ite is dark. 
mental principles are followed in a well-regulated hardening 
plant: (1) heat slowly and uniformly; (2) quench from as 
low a temperature as will be effective—hypo-eutectoid 
steel is quenched from above Ac;; eutectoid and hyper- 
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eutectoid material should be quenched from slightly above 
Ac,; (3) cool evenly to avoid distortion; (4) avoid sharp 
or reentrant angles in the part to be quenched whenever 
possible; (5) temper immediately after hardening. 
Tempering and Toughening.—When steel is heated 
above the critical range and cooled quickly or slowly, one 
or more of the several intermediate forms will be produced. 
Most of the changes will take place when a quenched steel 
is reheated to suitable temperatures. For example, mar- 


Fia. 136.—Troostite in 0.85 carbon Fig. 137.—Sorbite in 0.85 carbon 
steel, quenched from 775°C. and steel, quenched from 775°C., and 
tempered at 300°C. Mag. 250 x. tempered at 600°C. Nital etch. 

Mag. 250 X. 


tensite passes, as the reheating temperature increases, 
into troostite, sorbite, or spheroidized cementite, depending 
on the selected temperature. These changes, involving 
always a decrease in hardness but an increase in ductility, 
are referred to as tempering or toughening, depending on 
the temperature involved. When hardened steel (mar- 
tensite) is reheated, a measurable softening is found at a 
temperature slightly above 100°C. The microscope shows 
that this softening is due to the formation of a small amount 
of troostite. As the tempering temperature increases, 
the amount of troostite also increases and reaches its 
maximum at about 400°C. In the range, then, from 100 
to 400°C. the steel consists of mixtures of martensite 
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and troostite in proportions 
temperature. This range is 
commonly called the temper- 
ing range. The higher the 
tempering range, the softer 
and more ductile will be the 
steel. 

It has been explained that 
a hyper-eutectoid steel when 
slowly cooled consists of a 
carbide network and pearlite. 
If such a steel is quenched 
from just above Ac,, the car- 
bide network will be retained 
since only about 0.90 per cent 
carbon can go into solution 
at this temperature. The 
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depending on the reheating 


Fie. 138.—1.20 
steel. Possessed 


carbide network 


per cent carbon 
coarse grain and 
before hardening. 
Quenched in water from 775°C. 
Tempered at 250°C. Carbide net- 
work and troosto-martensite (dark). 
Nital etch. Mag. 100 x. 


network persists even after tempering so that the final struc- 


Fig. 139.—1.20 per cent carbon 
steel, oil quenched from 900°C., 
then subjected to prolonged heating 
at 715 to 720°C. Spheroidized ce- 
mentite in ferrite matrix. Nital 
etch. Mag. 500 X. 


Fic. 140.— 1.20 


Spheroidized 
cent carbon steel, water quenched from 


per 


775°C. and tempered at 250°C. 
White carbide particles in troosto- 
martensite. Nital etch. Mag. 500 x. 


ture will be unsatisfactory, owing to the presence of this 
brittle network. Figure 138 shows the microstructure of a 
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steel containing 1.20 per cent carbon that possessed a coarse 
grain with a carbide network before quenching. After 
tempering at 250°C., the structure is mainly troosto- 
martensite together with the brittle network. This steel, 
after it has been spheroidized (Fig. 139), then quenched 
from slightly above Ac:, and finally tempered at 250°C., 
will show small carbides distributed throughout a troosto- 
martensitic matrix as indicated in Fig. 140. 

The network structure can also be eliminated by quench- 
ing the steel from Acm, at which temperature the carbon (or 
carbide) is all in solution. Cooling at a rate sufficient to 
prevent its separation as a network can be accomplished by 
quenching in oil or, in many instances, by cooling in air. 
A steel treated in this manner will be coarse grained. This 
condition can be corrected by quenching from Ac; followed 
by tempering. The structure produced will be similar 
to Fig. 140 except that there will be an absence of excess 
carbide particles. 

It should be noted that the softening due to tempering 
is a function of time as well as of temperature, although the 
latter has much the greater effect. It is nevertheless true 
that long-continued heating (several hours) at one tempera- 
ture will give the temper color and softness characteristic 
of a higher temperature. 

At 400°C., the maximum amount of troostite is present 
(Fig. 136) in the reheated steel, and, as the temperature 
increases above this value, a gradual decrease in troostite 
and a corresponding increase in sorbite takes place. Sor- 
bite is the toughest of the steel structures, so that the range 
in which it is produced is often, though by no means uni- 
versally, referred to as the toughening range, and the opera- 
tion of heating above 400°C. is therefore often called 
toughening. Between 500 and 600°C. the hardened steel 
becomes almost wholly sorbitic. This structure has been 
found associated with the most desirable combination of 
strength and ductility. Figure 137 shows such a structure 
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in an 0.85 per cent carbon steel after quenching at 775°C. 
followed by reheating to 600°C. It consists of finely 
divided carbide particles in an a-iron matrix. Toughening 
also increases the elastic ratio. Since it is the elastic limit 
on which the working properties of steel depend, an increase 
in this respect is of fundamental importance. Sorbitic, or 
toughened, steel is also more resistant to alternating or 
fatigue stresses than any other structure in steel, and for 
this reason this type is desired in material used for bridge 
members, crankshafts, axles, and similar parts subjected 
to serious alternations of stresses. 

If the changes taking place on heating hardened (mar- 
tensitic) steel took place in exactly the same manner as 
the changes produced by varying the cooling rates, it 
would be expected that a reheating temperature higher 
than that leading to the formation of sorbite would form 
pearlite. This is not the case, as a high reheating tem- 
perature below the critical range produces spheroidized 
cementite (p. 118). 

The actual operations of tempering and toughening are 
carried out by various methods depending on the exactness 
of temperature control needed in the operation. Open 
furnaces, sand plates, and other simple forms of heating 
are often used, but for the exact reproduction of a desired 
hardness much more definite temperature regulation can 
be realized in a bath of fused salt or metal, in oil, or by 
means of a suitable furnace. The uniform excellence of 
modern tools depends, in a large measure, on exact and 
automatic temperature control in the tempering furnace. 

Case Hardening.—One of the earliest known methods 
of steel making consisted in heating a low-carbon ferrous 
material, such as wrought iron, with carbon or other 
carbonaceous material. The iron absorbed an appreciable 
amount of carbon from the surrounding material and 
became steel. This product was known as cement steel, 
and the process as the cementation process. A more 
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carefully controlled method of introducing carbon, but 
based on the same principles, is found in the modern case- 
hardening operation, the purpose of which is to produce a 
hard wear-resistant surface (case) on a softer shock- 
resisting center (core). This is done by increasing the 
carbon content at the surface, producing in this manner a 
high-carbon steel in contact with low-carbon material. 
The combination of surface hardness and interior toughness 
is often desired in the production of certain tools, gears, ball 
and roller bearings, and similar parts. The operation 
involves four steps: (1) a selection of suitable material; 
(2) a selection of a carburizing substance; (3) heating for 
carburizing; and (4) heat treatment of the carburized 
piece. 

1. Various steels are used for case hardening. If it is a 
simple steel, it should have the lowest carbon content that 
will allow satisfactory machining. This is usually con- 
sidered to be from 0.15 to 0.25 per cent. 

Several alloy steels are commonly used for case carburiz- 
ing. Nickel slows down the rate of penetration of the 
carbon into the steel, but it adds so much to the toughness 
and shock resistance of the material that the increased 
difficulty of carburizing is justified. Chromium, to the 
amount of about 0.5 per cent, is a satisfactory addition 
to steel to be case hardened as it increases the rate of 
penetration of the carbon, reduces the grain size of the core, 
and adds specifically to the hardness. For high-quality 
parts the core is sometimes made of a steel containing 
2.5 per cent nickel and 0.5 per cent chromium, a combina- 
tion that adds the hardness produced by chromium to 
the toughness produced by nickel. Nickel-molybdenum 
steels containing 1.50 to 3.50 per cent nickel and 0.15 to 
0.30 per cent molybdenum are also widely used for case 
hardening and are excellent for the purpose. 

2. The best evidence now available indicates that the 
introduction of carbon does not take place directly but 
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indirectly through the formation of a gas, probably carbon 
monoxide. Many investigators believe that the following 
reaction takes place at the surface, followed by the diffusion 
of the iron carbide into the steel: 2CO +3Fe —> Fe,C + 
CO». This mechanism is questionable. Since the iron 
carbide molecule is much larger than the carbon atom, it is 
more likely a diffusion of the carbon as such and not as iron 
carbide for the latter cannot pass through the iron lattice. 
If this is true, then it is more likely that the carbon monox- 
ide or other gas decomposes at the surface to produce 
carbon in the atomic state or approaching it, whereby it 
can enter and readily diffuse into the steel. 

It is possible to use solid, liquid, or gaseous carburizing 
materials. Solid carburizing materials are still used on a 
large scale although carburization by means of gases is 
rapidly gaining prominence. There are many solid car- 
burizers such as coke, wood charcoal, charred bones, 
charred leather, or various mixtures such as barium 
or sodium carbonate with charcoal. Carburizing gases 
include illuminating gas under certain conditions, methane, 
butane, and propane. The products of the decomposition 
of certain oils are being used for introducing carbon. 

3. If a solid carburizing agent is used, the articles to be 
case hardened are packed in metal boxes containing the 
carburizing compound and are then heated gradually 
in a furnace to a temperature above the critical range so 
that the iron may bein the y-form. The exact temperature 
depends on the nature of the steel, the carbon content of 
the case desired, and the composition of the carburizing 
agent. These governing factors are commonly determined 
by experiment. In general, it may be said that, the higher 
the carburizing temperature and the longer the time of 
heating, the deeper will be the case. It is further 
true that with most solid carburizers the carbon content 
of the case also increases with the carburizing temperature. 
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4. The heat treatment of the carburized material 
necessarily involves those steps necessary for the treatment 
of two distinct kinds of steel, the low-carbon core and the 
eutectoid or hyper-eutectoid case. Bearing this in mind, 
the duplex treatment is readily understood. The car- 
burized part, coarsened in grain by the carburizing tem- 
perature, is first reheated to slightly above its Ac; point 
and quenched, preferably in oil. This leaves the core in as 


Fie. 141.—Carburized ‘“‘abnor- Fic. 142.—Carburized normal 
mal’’ steel. Material was car- steel. Dark masses are pearlite and 
burized at 955°C. (1750°F.) for the white network and needles are 
6 hours and furnace cooled. Dark cementite. No free ferrite is pres- 
masses are pearlite and the white ent. Nital etch. Mag. 250 x. 
ribbon-like material is iron carbide 
surrounded by ferrite areas. Nital 
etch. Mag. 250 x. 


fine-grained a condition as possible. This treatment 
of the low-carbon steel core is wholly unsuitable for the 
high-carbon steel case, so that the quenching is repeated, 
this time from the temperature Ac,;. In this case, water 
quenching is generally preferred for plain carbon steels. 
After the second quenching, the part is reheated below the 
critical range to remove quenching stresses and to toughen 
the case. 

If a hyper-eutectoid case is produced, cementite will 
appear at the grain boundaries on slow cooling. In order 
to eliminate this undesirable network, heating to Acm is 
necessary, followed by cooling at a rate such that it will 
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Fic. 143.—** Abnormal”’ steel case Fic. 144.—Normal steel case 
hardened but not tempered. Large hardened. Shows martensite above 
black area is troostite and indicates and troosto-martensite below. Nital 


a soft spot. It is surrounded by etch. Mag. 150 x. 
martensite with small troostite spots. 
Nital etch. Mag. 150 


Hyper- 
eutectoid 
zone. 
Pearlite 
and 
cementite. 


Eutectoid 
zone. 
Pearlite. 


Hypo- 
eutectoid 
zone. 
Pearlite 
and 
ferrite. 


Fie. 145.—Carburized steel showing excess cementite in the outer layer. 
etch. Mag. 75 X. 


Nital 
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not reappear. Quenching in oil is recommended. In 
order to prevent the appearance of this network structure, 
quenching from the carburizing pot is practiced. 

An expression sometimes 
encountered with case harden- 
ing is the term abnormal steel. 
The causes of abnormality 
are not definitely known, but 
the facts are that the attempt 
to carburize abnormal steel 
leads to a spotty surface 
condition and soft spots on 
hardening. The oxygen con- 
i tent of the steel is believed 
, Fig. 146.—Carburized steel how to be largely responsible for 
ets Mot cGhe tee 75 oc ©6the unsatisfactory behavior 

of abnormal steel (Fig. 141). 
This should be compared with the normal structure shown 
in Fig. 142. 


Fig. 147.—Cyanide case, showing superficial layer. Nital etch. Mag. 200 x, 


Various conditions found in case-hardened steel are 
shown in Figs. 143 to 146. 


Sometimes when a superficial case is desired, the 
steel may be cyanide (surface) hardened by holding it in 
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molten sodium or potassium cyanide at about 825°C. 
for a short time and then quenching in water (Fig. 147). 

Case Hardening with Ammonia.—The work of various 
investigators, notably Fry of the Krupp Works in Germany, 
in studying the effects of combined nitrogen in steel has 
resulted in the introduction of a new series of alloy steels. 
In most of these studies ammonia gas was used as the 
medium for introducing the nitrogen. 

In order to produce an appreciable depth of penetration 
of the nitrogen through the medium of ammonia, steels 
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Fic. 148.—Nitrided nitralloy. Carbon 0.37, aluminum 1.06, chromium 1.28, 
molybdenum 0.22. Nitrided at 515°C. (960°F.) for 48 hours. 


containing aluminum were evolved. Extreme surface 
hardness can be obtained by subjecting these steels to the 
action of ammonia gas for a period varying from a few hours 
to over 100 hours, the time depending on the depth of case 
desired. The material to be case hardened by ammonia, 
or nitrided, is kept at a temperature of approximately 
500 to 540°C. during the entire operation and is finally 
cooled to room temperature in the atmosphere of ammonia. 
The temperature used within this range depends on the 
composition of the steel and the desired surface hardness. 
No heat treatment of the parts is required after the 
nitriding operation so that a very hard surface may be 
obtained without an appreciable distortion of the material, 
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a fact that is due mainly to the low temperature used 
in the process. Figure 148 shows the microstructure of a 
nitrided chromium-aluminum-molybdenum steel. 

The extreme hardness that is produced is due very likely 
to the formation of a complex nitride of aluminum and 
chromium which is precipitated in the form of very fine 
particles to produce a keying effect similar to that exhibited 
in the hardening of duralumin. 

Alloy Steels.—A plain carbon steel is essentially an 
alloy of iron and carbon together with comparatively small 
amounts of manganese, silicon, sulphur, and phosphorus. 

In spite of the great range of properties that can be 
imparted to plain carbon steels by heat treatment, it is not 
sufficiently great to meet all the requirements of many of 
our present industries, notably the automotive and aircraft 
industries. In many of these cases high values for tensile 
properties together with great toughness and shock resis- 
tance are demanded and therefore necessitate the use of 
steels that are not classified as carbon steels but as alloy 
steels. 

H. D. Hibbard! defines an alloy steel as one that contains 
one or more elements other than carbon in sufficient 
proportion to modify or improve substantially and posi- 
tively some of its useful properties. 

Certain of the alloy steels, besides providing the user 
with more desirable physical properties than can be 
obtained with a plain carbon steel, provide a greater 
temperature range for heat treatment. In order to harden 
a plain carbon steel properly a drastic quench from within 
a narrow range of temperature may be required, whereas 
an alloy steel may be chosen which can be given a far less 
drastic quench from within a wider range of temperature 
to impart similar or better physical properties to the 
product. 


' Hipparp, H. D., “Manufacture and Uses of Alloy Steels,” Bur. Mines 
Bull., p. 100. 
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Steels containing one alloying element are called ternary 
steels, while those containing two alloying elements are 
called quaternary steels. Carbon and manganese are the 
other two important elements in this classification. 

Most of the alloying elements combine with carbon 
to form carbides. Chromium, manganese, molybdenum, 
tungsten, and vanadium belong to this group. The 
carbides are partly or wholly soluble in y-iron but come 
out of solution on slow cooling to room temperature. 


Austenitic 


Special Element, per cent 


0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 
Carbon, per cent 


Fic. 149.—Constitutional diagram of alloy steels. 


Aluminum, nickel, silicon and copper do not form carbides. 
They are soluble in y-iron and are retained in solid solution 
in ferrite at room temperature, the silicon being present 
as FeSi. 

The alloying elements in general have a profound effect 
on the change of austenite into its transformation products. 
Guillet represents this general effect by means of the 
diagram shown in Fig. 149. The tendency to form inter- 
mediate products or to retain the original structure after 
heating to a suitable temperature followed by slow cooling 
increases with the carbon content and with the percentage 
of alloying element. It is obvious, however, that, if 
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only a very small amount of the alloying element is present, 
austenite cannot be retained on slow cooling even if the 
carbon content is 1.6 per cent. The diagram should be 
considered as indicative of the structural changes rather 
than as an accurate representation. This diagram is 
faulty also in that it fails to show the presence of troostite 
and sorbite. The modified constitutional diagram by 
Sauveur, Fig. 150, is a better 
representation. 

Owing to the effect of the 
alloying elements in retarding 
the structural transformations, 
it is possible to obtain certain 
structures in alloy steels on 
slow cooling that can be ob- 
tained in carbon steels only by 
very rapid cooling. 

Carbon, per cent The various alloying ele- 
Fic. 150.-— Constitutional diagram ments are effective in either 
of alloy steels, modified. (Sauwveur.) as ‘ aie 
raising or lowering the critical 
points. Chromium, tungsten, silicon, and molybdenum 
are among those that raise the critical points, while nickel 
and manganese are two that lower these points. 

In considering the effect of the rate of cooling on the 
position of the Ar; point in carbon steels, it was noted 
that a cooling rate corresponding to the critical velocity 
(p. 125) produced martensite. Intermediate rates of 
cooling between slow and very rapid cooling produced 
troostite and sorbite. The presence of alloying elements 
greatly intensifies this effect. It was also noted in the 
discussion of the carbon steels that the temperature from 
which cooling begins influences the position of the Ar, point. 
This effect is also intensified by the presence of alloying 
elements. 

The diagram after Sauveur, shown in Fig. 151, indicates 
the effect of increasing amounts of the special element 


Special Element, per cent 
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on the depression of the Ar; point, the cooling rate being 
kept constant. It is evident that steel compositions can 
be evolved that can be hardened by oil quenching or by air 
cooling or even by furnace cooling. The hardness depth 
can be increased by taking advantage of the combined 
effect of the alloying elements and the cooling rate on the 
depression of the Ar, point. 

In the following pages a brief discussion will be given 
of the effects of the various elements in steel, including 


Ar. LEGEND 
= ; P = Pearlite 
S = Sorbite 
T = Troostite 
Ar’ M = Martensite 
A = Austenite 


Temperature, deg. C. 


Ar’ 
M A 
Special Element, per cent 
Fic. 151.—Percentage of special element vs. position of Ari. (Sauveur.) 


those that are present in all steels as well as those that are 
present strictly as alloying elements. 

Sulphur.— Provided a sufficient amount of manganese is 
present in a steel, the sulphur will be present as manganese 
sulphide, MnS. Any excess sulphur will be present as 
iron sulphide, FeS, the presence of which imparts red 
shortness to the steel; it is present at the grain boundaries 
and fuses at the forging temperature, thereby destroying 
the continuity of the grains. 

Most of the specifications of the Society of Automotive 
Engineers give 0.045 per cent as the maximum sulphur 
content. This content is lower in the case of tool steels 
and considerably higher in screw stock. 
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Sulphur is added to some steels, especially alloy steels, 
for the purpose of promoting machinability. 

Phosphorus.—The phosphorus content is generally kept 
low in steels in order to prevent cold shortness or brittleness 
under impact. This element shows a marked tendency 
to segregate. A high-carbon tool steel contains approxi- 
mately 0.02 per cent, while a Bessemer screw stock contains 
about 0.10 per cent phosphorus. The presence of 0.06 
to 0.08 per cent phosphorus in steel sheets tends to prevent 
their sticking during the rolling operation. Most of the 
specifications of the Society of Automotive Engineers 
give 0.04 per cent as the maximum. 

Silicon.—Silicon is present in small amounts in all steels. 
Its function is that of a deoxidizer. It forms a silicide, 
FeSi, with iron and is present in solid solution in both 
y- and a-iron. 

A low-carbon steel (generally under 0.05) with 3.5 to 
4.5 per cent silicon finds wide application in transformer 
manufacture as it possesses a low hysteresis loss and high 
permeability. 

A steel containing approximately 0.5 per cent carbon, 
0.7 per cent manganese, and 2 per cent silicon after quench- 
ing in oil from 900°C. and tempering at 455°C. gives 
excellent strength and toughness and is widely used for 
leaf and coil springs. 

Chromium-manganese-silicon, silicon-chromium, and sili- 
con-vanadium steels are also used. 

Silicon above 0.5 per cent gives to stainless steels greater 
resistance to certain types of corrosion. 

Manganese.—Manganese is a constituent of all steels. 
It is primarily a deoxidizer. It also combines with sulphur 
in steel to form manganese sulphide. As such it appears 
as elongated masses in rolled or forged parts in the direction 
of working (Fig. 152). This is due to its plasticity at the 
forging temperature. If an insufficient amount of manga- 
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nese is present, the sulphur will combine with iron to from 
iron sulphide 


; Fig. 152.—Manganese sulphide Fig. 153.—Inclusions in mild steel. 
islands (gray) in mild steel. Nital Unetched. Mag. 100 xX. 
etch. Mag. 100 x. 


An excess of manganese over that necessary to form MnS 
combines with carbon to form Mn;C. This carbide is 
found associated with Fe;C in cementite. 

The constitutional dia- } — 
gram of manganese steel, Ss — ‘is Ry, 
after Guillet, is shown in Lo “ “WS ee 
Fig. 155. Pie= yi B ; 

Manganese lowers the crit- ; Rees. Se 
ical point and shifts the 
eutectoid carbon content to 
the left. The eutectoid con- 
tains about 0.75 per cent 
carbon when the manganese 
content is 2 per cent. 

The relationship between Fig. 154.—Non-metallic inclusions in 
the carbon and the manga- “ghost line” in low-carbon steel. Nital 
nese determines whether the ©" “*# 100 *: 
steel should be hardened by quenching in water or 
oil or by air cooling. A steel containing 0.85 per 
cent carbon should contain not over 0.40 per cent 
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manganese if it is to be water quenched because of the 
danger of cracking. Steels containing 0.25—0.50 per cent 
carbon together with 1 to 2 per cent manganese are impor- 
tant alloy steels, especially for general structural purposes. 

A tool steel containing about 0.90 per cent carbon and 
1 to 1.25 per cent manganese, together with 0.50 per cent 
each of chromium and tungsten, possesses nondeforming 
or nonshrinking properties after oil quenching. The 
presence of chromium imparts a greater depth of hardness 


15 


10 Austenitic 


Manganese, per cent 


Carbon, per cent 
Fia. 155.— Manganese steel. Constitutional diagram. (Guillet.) 


while the tungsten gives greater density and better cutting 
properties. These so-called nondeforming, nonshrinking, 
oil-hardening steels are used for taps, reamers, and various 
types of dies, as well as for master tools and gages. 

A high manganese steel containing 11 to 13 per cent 
of manganese and about 1 to 1.20 per cent carbon is of 
great industrial importance. Hadfield’s manganese steel, 
so-called from the name of the inventor, is water quenched 
from 1000°C. and has an austenitic structure. In this 
condition the steel is tough, is very difficult to machine, 
and possesses marked resistance to abrasion. Eyres 
carbide present at the austenitic grain boundaries in the 
“as-cast”? condition is shown in Fig. 156. The carbide 
is dissolved by the y-iron on heating to the temperature 
given above. The microstructure of the quenched steel 


, 


IRON AND STEEL 145 


\ 
a us. 4 
Fic. 156.—Cast manganese steel, Fic. 157.—Cast manganese steel, 
carbon 1.14 per cent, manganese quenched in brine from 1000°C. 
13.19 per cent. Austenite and Austenite. Mag. 250 X. (Avery.) 


carbide. Nital followed by 10 per 
cent HCl. Mag. 250 X. (Avery.) 


Fic. 158.—Cast manganese steel, Fic. 159.—Cast manganese steel, 
cold worked. Slip bands and de- cold worked, then heated to 1000°C. 
formation lines. Mag. 100 xX. Twinned austenite. Mag. 100 xX. 
(Avery.) (Avery.) 
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is shown in Fig. 157. The surface of this austenitic 
manganese steel becomes markedly hardened under the 
effects of severe cold work, owing, possibly, to the produc- 
tion of martensite. This surface is continuously produced 
in service. Slip bands or deformation lines produced by 
the plastic deformation of this steel are shown in Fig. 158. 
The annealing of the cold-worked material results in the 
production of twinned crystals as indicated in Fig. 159. 

Hadfield’s manganese steel is used extensively in mining 
machinery such as rock crushers, dredging shovels, and 
other parts subjected to abrasion or unusual wear. Special 
rails, railroad frogs, and switches are also made of this 
steel. Since it is nonmagnetic and offers great resistance 
to abrasion, it is almost universally used in faceplates 
for lifting magnets. 

Nickel.—Nickel is purely an alloying element since it 
lacks properties of a deoxidizer and a scavenger. It has 
the property of increasing the tensile strength and the 
elastic limit without producing a corresponding loss in 
ductility. 

The nickel-steel constitutional diagram is shown in 
Fig. 160. The effect of nickel in lowering the Ar, point 
is shown in Fig. 161. It is soluble in all proportions in 
both y- and a-iron. 

Nickel lowers the critical temperatures. A 25-per-cent 
nickel steel is austenitic at room temperature. Most of 
the nickel steels contain a nickel content of 2 to 5 per cent. 
Although these steels may be used in the untreated condi- 
tion, in which state they show physical properties superior 
to those of plain carbon steels with the same carbon content, 
their properties are not fully developed unless the metal is 
properly heat treated. The standard nickel structural 
steels contain from 3 to 4 per cent nickel and from 0.10 to 
0.60 per cent carbon. 

Nickel steels are frequently used for case hardening. 
Better physical properties are obtained for the core than 
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with a plain carbon steel. Nickel also hinders grain growth 
and gives desirable properties to the case, especially in 
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Fig. 160.—Nickel steel. Constitutional diagram. (Guwillet.) 


the prevention of a sharp line of demarcation between 
the case and the core. 

Nickel steels containing a higher nickel content than 
those mentioned are used for special purposes. A 22 per 
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Nickel, per cent 
Ferrite and Pearlite Martensite Austenite 
Fig. 161.—Nickel vs. position of Ar. (Dejean.) 


cent nickel steel shows marked resistance to salt-water 
corrosion and has been used in valve stems and other parts 
of pumps operating with salt water. When the nickel 
content is increased to 24 to 32 per cent, the alloy shows 
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increased resistance and is used in making heating coils 
for flatirons, toasters, and other heating apparatus. Invar 
contains 36 per cent nickel and is characterized by its 
low coefficient of expansion at ordinary temperatures. 
Because of this property, it is used in making balance wheels 
for watches, clock pendulums, and parts of surveyors’ 
instruments to avoid compensating devices. A 46 per 
cent nickel steel containing 0.15 per cent carbon, known 
as platinite, has about the same coefficient of expansion 
as platinum or glass. Permalloy contains about 80 per 
cent nickel and after a special heat treatment possesses 
high magnetic permeability. 

Vanadium.—Vanadium is a powerful deoxidizer and 
scavenger. It also possesses alloying properties since the 

6 major portion is present as 
complex carbides in the steel. 
The constitutional diagram 
is shown in Fig. 162. 

Vanadium has a marked 
tendency to reduce grain 

growth and to cause refine- 
ment of structure. Steels 

0 0.5 1.0 15 2.0 AS : 

Carhouivertant containing this element show 
Fic. 162.—Vanadium steel. Constitu- & high tensile strength and a 
tional diagram. (Guwillet.) high elastic limit, together 
with high ductility and marked resistance to alternating 
stresses. The amounts of vanadium in steels are generally 
low, usually from 0.15 to 0.25 per cent, and seldom 
exceeding 1 per cent. The vanadium content may 
be higher in certain alloy steels, for example, in certain 
types of high-speed steel in which 0.5 to 2 per cent may be 
present. 

A steel containing vanadium can be hardened, without 
injurious effects, from a higher temperature than a plain 
carbon steel of similar composition. Vanadium gives a 
wider hardening range to the steel. 


~ 
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Chromium-vanadium Steels.—Vanadium intensifies the 
effects of chromium in steel. The steel most commonly 
used contains 0.15 to 0.25 per cent vanadium and 0.80 to 
1.10 per cent chromium. These steels are used inter- 
changeably with the nickel and the chromium-nickel steels 
of similar carbon content for heat-treated automotive 
forgings requiring greater strength, toughness, and resist- 
ance to fatigue than it is possible to obtain with plain 
carbon steels. 

Chromium-nickel Steels.—The ratio of the nickel to the 
chromium in most of the commercial chromium-nickel steels 
is about 214 parts of nickel to about 1 part of chromium. 
The steels most commonly used contain 1.5, 2.5, and 3.5 per 
cent nickel, respectively, with a corresponding chromium 
content of 0.6, 1.10, and 1.5 per cent. A combination 
of high ductility and toughness, together with great 
strength, surface hardness, and depth of hardening, is 
obtainable with this combination. Chromium-nickel steels 
are extensively used for case hardening as well as for 
structural purposes. 

In general, the cooling rate after tempering has no effect 
on the properties of most steels. This is not always true 
in the case of the higher chromium-nickel steels. These 
steels may lose considerable of their toughness if slowly 
cooled from a tempering temperature of approximately 
425° to 650°C. This temper brittleness can be prevented 
by quenching from the tempering temperature. 

Molybdenum. Chromium-molybdenum and Nickel- 
molybdenum Steels.—Molybdenum is used solely as an 
alloying element. The constitutional diagram is shown 
in Fig. 163. Although used to a limited extent alone, it is 
generally associated with other alloying elements, usually 
chromium. The molybdenum content is generally from 
0.15 to 0.25 or 0.25 to 0.50 per cent. 

Molybdenum has the property of increasing the tensile 
strength and elastic limit without causing a corresponding 
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decrease in ductility. Molybdenum steels, after heat 
treatment, are more ductile than many of the other alloy 
steels having the same tensile strength and they are 
remarkably resistant to impact. They are easily worked 
and machined and form a 
loosely adherent scale when 
heated for forging. 

A low-carbon steel con- 
taining 1.5 to 2 per cent 
nickel and 0.20 to 0.30 per 
cent molybdenum is used for 

0 L ~ case hardening. 

: ee rk, Reece, Chromium-nickel-m 0 lyb- 
Fig. 163.—Molybdenum steel. Consti- denum steels offer excellent 

tutional diagram. (Guwillet.) x 
resistance to severe stresses. 

Tungsten.—Tungsten is a valuable alloying element. 
The constitutional diagram of tungsten steels is shown in 
Fig. 164. Along with iron it combines with carbon to 
form a double carbide. It is used alone or in various 
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Fia. 164.—Tungsten steel. Constitutional diagram. (Guillet.) 


combinations with other elements. Many tools contain 
from 1 to 2 per cent tungsten with about 0.5 per cent 


chromium or with 0.5 per cent chromium and 0.2 per cent 
vanadium. 
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Tungsten produces a dense and fine structure. In large 
amounts, as in high-speed steel, it imparts the property of 
red hardness, the ability of the tool to maintain a cutting 
edge when heated to a red heat by the friction of the cutting. 

Tungsten magnet steel usually contains from 0.65 to 
0.75 per cent carbon and from 5 to 6 per cent tungsten. 

Many combinations of tungsten with other alloying 
elements are to be found in such steels as drawing die steels, 
pneumatic steels, battering and hot-work steels, and 
high-speed steels. 

Aluminum.—The use of aluminum as an_ alloying 
element in steel is a comparatively recent introduction. 
Its presence is highly desirable in steels that are to be 
surface hardened with ammonia (see p. 137) as the nitride 
that is formed imparts maximum hardness to the 
ease when critically dispersed. It is generally combined 
with molybdenum or with chromium and molybdenum. 
About 1 per cent aluminum is generally present in these 
steels. 

Copper.—Copper is sometimes present in low-carbon 
steel generally from 0.15 to 0.25 per cent. It increases the 
resistance to atmospheric corrosion. 

High-speed Steels.—The predecessor of the modern 
high-speed steels was Mushet’s steel, which was developed 
about 1870 and contained from 7 to 12 per cent tungsten 
with high carbon and manganese contents. 

Mushet’s discovery of the effects-.of tungsten was not 
followed up and its possibilities were not recognized for 
nearly thirty years. About 1898, Taylor and White 
commenced the study of tool steels with the hope of 
developing a tool that could be operated at high speeds 
and at correspondingly high temperatures without losing 
its cutting edge. Such a steel was evolved by them. 
Modifications of this steel have been made, both as to 
composition and as to heat treatment, but credit for this 
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outstanding contribution to steel metallurgy must be 
given to these two investigators. 

Many types of high-speed tool steels are now available, 
but only two compositions will be discussed as showing 
the general nature of these highly important steels without 
which the development of the modern machine shop 
would have been impossible. In general, they are com- 
binations of tungsten, chromium, and vanadium. The 
first type, known as the tungsten-high-vanadium steel, 
has a composition range as given below: 


C Cr WwW Vv 
0.65 to 0.75 3.25 to 4.25 13 to 14.50 1.5 to 2 
per cent per cent per cent per cent 


The class known as the high-tungsten low-vanadium group 
varies in composition as follows: 


0.65 to 0.75 3.50 to 4.50 17.50 to 18.50 0.90 to 1.25 
per cent per cent per cent per cent 


High-speed steel having this composition is the one most 
generally used. Other ele- 
ments, such as molybdenum 
and cobalt, have been added 
or substituted in part for the 
usual alloying elements, but 
the general nature of these 
alloys remains unchanged. 
The manufacture and the 
heat treatment of high-speed 
steels are of vital importance 
~ in developing its remarkable 
Fia. 165.—Cast high-speed steel. properties. The original in- 
eee anes — eutectic. Nital got structure very often 
shows a marked eutectic 
segregation at the grain boundaries as indicated in 
Fig. 165. Since this structure can be eliminated only 
by mechanical work, it is highly desirable to forge 
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the material in order to break down the carbon- 
tungsten segregates. The ingots of high-speed steel are 


HIGH-SPEED TooL STerni 


Fie. 166.—Rolled material show- Fic. 167.—Tungsten segregates 
ing light tungsten segregates (often and small carbides etched dark with 
ealled carbide envelopes). Nital Murakami’s reagent. Mag. 250 xX. 
etch. Mag. 250 X. 


Fia. 168.—High-speed steel Fia. 169.—Material quenched in 


quenched in oil from 1260°C. Austen- oil from 1260°C. and tempered at 
ite, martensite, and undissolved car- 580°C. Undissolved carbides (light) 
bides. Nital etch. Mag. 500 X. in troosto-martensitic matrix (dark). 


Nital etch. Mag. 500 X. 


comparatively small and therefore large tools commonly 
show streaks of these segregates. 

The heat treatment consists in preheating the steel to 
about 850°C., then heating to a temperature varying from 
1230°C. to 1315°C. and quenching, usually in oil, although 
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quenching in an air blast is sometimes done. The hardened 
steel is generally tempered in the range of 565 to 625°C. 


Fie. 170.—Overheated high-speed Fie. 171.—Burned high-speed steel. 
steel. Large grain size. Undissolved Eutectic in austenite-martensite ma- 
carbides in austenite-martensite ma- trix. Nital etch. Mag. 500 x. 
trix. Mag. 500 xX. 


Quenched high-speed steel shows martensite with retained 
austenite and undissolved carbides. A polyhedral grain 
structure is readily revealed, but prolonged etching and an 
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Fia. 172.—The hardness developed in high-speed steel after quenching and 


tempering. 
examination at a high magnification are generally necessary 
to detect the martensitic structure (Fig. 168). Properly 
quenched and tempered high-speed steel shows an absence 
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of grain boundaries. Such a structure is shown in Fig. 
169. 

In tempering high-speed steel little if any effect is noted 
below 200°C. Beyond this point, especially near 400°C., 
a decrease in hardness takes place. With further increase 
in temperature the hardness increases and reaches a 
maximum at from 565 to 600°C. It is believed that the 
decrease in hardness is due to the tempering of the marten- 
site, while the increase is due to the transformation of the 
retained austenite to martensite. The failure to produce 
this transformation at a lower temperature is probably due 
to the stabilizing action of tungsten segregation in the 
austenite. The increase in hardness produced by reheating 
beyond the temperature exhibiting minimum hardness is 
called secondary hardness. Figure 172 illustrates these 
effects. 

Corrosion-resistant Iron Alloys.—Stainless steels and 
irons or rustless steels and irons are terms that are generally 
applied to the corrosion-resistant alloys of varying carbon 
content, the properties of which are mainly dependent on 
the presence of a high chromium content. 

Chromium forms a solid solution with iron. In the 
presence of carbon, it forms a carbide that is essentially 
Cr.C. <A certain amount of chromium, either elemental 
or as carbide, must be present in solid solution in order to 
impart corrosion resistance to the alloys. 

Pure iron is slightly soluble in water. The presence of 
approximately 8 per cent chromium prevents this solution. 
If carbon is present to form chromium carbide, the possi- 
bility of electrolytic action will exist between the 
undissolved carbide and the matrix. The presence of an 
additional 2 per cent chromium is necessary to counteract this 
effect. In the presence of carbon, the amount of chromium 
that must be present in solution in the iron must be 10 
to 11 per cent in order to provide adequate corrosion- 
resisting properties. Since each part of carbon is combined 
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No Cr (Fe-C diagram) 5% Cr 10% Cr 14% Cr 
18% Cr 22% Cr | 28% Cr 33% Cr 


Fic. 173.—Diagrams showing the effect of the presence of chromium on the iron- 
carbon constitutional diagram. (Krivobok and Grossmann.) 
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Fic. 174.—The approximate constitution of 14 per cent chromium alloys with 
varying carbon content. (Bain.) 
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with about 17 parts of chromium, ev ery part of carbon that 
is present as undissolved carbide will affect 17 es of 
chromium. 

Figure 173 shows the effect of an increasing chromium 
content on the iron-carbon diagram. It will be noted that 
the eutectoid carbon content is progressively shifted to the 
left up to 18 per cent chromium, the 6- and the a-ferrite 
areas increase until they ultimately merge when the 
chromium content reaches 13 per cent, and the austenite 
region decreases in area. 

The corrosion-resistant iron alloys may be divided into 
three groups, 7.e., ferritic, martensitic, and austenitic. 

Figure 174 shows the approximate constitution of 13 
per cent chromium alloys with varying carbon content. 
If the amount of carbon is negligible, the alloy will 
be ferritic under all conditions and will not respond to heat 
treatment except as it may affect the grain size. With an 
increase in carbon content, the alloys may become partly or 
wholly austenitic on heating to the proper temperature and 
will show, in general, a mixture of ferrite and martensite, 
martensite, or martensite together with undissolved car- 
bides after quenching. 

Figure 175 shows the microstructure of a low-carbon, 13 
per cent chromium alloy after hardening by quenching. 

The cutlery type of stainless steel contains approximately 
0.30 to 0.35 per cent carbon or that corresponding to the 
eutectoid in the presence of 13 to 14 per cent chromium. 

A martensitic structure is readily obtainable by heat- 
ing the alloy into the austenitic region and quenching. 
Quenching in oil from about 1000°C. produces such a 
structure. This structure is retained even after tempering 
at approximately 475°C. Figure 176 shows the presence 
of martensite in the quenched and tempered steel. 

The approximate constitution of the 18 per cent chro- 
mium alloys with varying carbon content is shown in 
Fig. 177. The alloy is wholly ferritic, provided that the 
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Fic. 175.—Stainless iron with 0.10 Fic. 176. 
per cent carbon and 13 per cent 0.30 per cent carbon, 13 per cent 
chromium, quenched in oil from chromium, quenched in oil from 
953°C. (1750°F.). Martensitic struc- 981°C. (1800°F.) and tempered at 
ture. Glyceregia etch. Mag. 500 X. 500°C. Martensitic structure. Gly- 

ceregia etch. Mag. 500 xX. 


Stainless steel with 
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alloys with 
varying carbon content. (Bain.) 
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carbon content is sufficiently low. With increase in the 
carbon content, the material 
becomes susceptible to heat 
treatment and will show pro- 
gressively ferrite and mar- 
tensite, martensite, and 
martensite with undissolved 
carbides after quenching from 
the proper temperatures. 
With the high-carbon alloys, 
some austenite may be re- 
tained on quenching, owing 4 
to the sluggishness that is Fic. 178.—Stainless iron containing 
: < 0.09 per cent carbon and 18 per cent 
imparted to the transforma- chromium, quenched in oil from 953°C. 
tion into martensite by the (1750°F.) shows ferrite (clear areas) 
3 : and martensite (dark). This tempera- 
chromium. Figure 178 shows ture is within the ferrite and austenite 
the microstructure of a low- 2° See Fig. 177. 
carbon 18 per cent chromium alloy. 
The austenitic alloys are most readily obtained in the 
presence of nickel. The effect of nickel on the iron-carbon 
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Fic. 179.—Diagrams illustrating the influence of nickel in modifying 18 per 
cent chromium-iron-carbon constitutional diagram. (Krivobok and Grossmann.) 


diagram containing 18 per cent chromium is shown in Fig. 
179. 
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Fic. 180.—The approximate composition of the 18-chromium-8-nickel alloys 
with varying carbon content. The dotted line indicates carbon solubility. 
The ferrite and austenite boundary lines assume carbide in solution. (Bain.) 


d 18-8 alloy and general carbide precipita- 


tion upon slip planes within the grain. Mag. 2000 X. (Bain, Aborn and 
Rutherford.) 
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A well-known alloy of this type is the so-called “ 18-8,” 
containing approximately 18 per cent chromium with 8 per 
cent nickel. The approximate constitution of this alloy 


Fic. 182.—“ 18-8” cold-worked after Fic. 183.—Cold-worked ‘18-8” an- 
quenching in oil from 1149°C. nealed at 871°C. (1600°F.). 
(2100°F.). HF + HNO; etch.* 
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Fic. 184.—Cold-worked ‘18-8’ an- Fic. 185.—Cold-worked ‘18-8’ an- 
nealed at 981°C. (1800°F.). Mag. nealed at 1093°C. (2000°F.). Mag. 
100 X. 100 X. 


with varying carbon content is shown in Fig. 180. Under 
equilibrium conditions the stable structure is ferrite. 
Austenite, however, can be retained on quenching and 
ferrite is produced only after cold working. The precipita- 
tion of this ferrite takes place at the slip planes in the 


* This solution contains 1 part hydrogen floride, 5 parts nitric acid, and 44 parts 
water and is used hot (about 83°C. or 180°F.). 
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austenite and undoubtedly retains carbon in supersaturated 
solution to produce a condition similar to martensite 
(Fig. 181). The marked in- 
crease in hardness over that 
produced by cold working a 
low-carbon steel to the same 
extent is undoubtedly due to 
_, the difference in the condition 
YA of the ferrite. 


~ 


ie ’ The reheating of the cold- 
» worked austenite alloy beyond 

its recrystallization tempera- 
ans ture produces a progressive 

Wré, 188 «-Betdcca ct 1k a ag) ACTOAS Ey erenn eerie 
nealed at 1204°C. (2200°F.). Mag. increase in temperature, the 
as effect being the same as that 
which is produced on reheating many of the nonferrous 
alloys under similar conditions. The structure consists 
of twin crystals as indicated in Figs. 182 to 186 inclusive. 


A ; “Salaay 


Fie. 187a.—Ferrite in ‘18-8. Fie. 187b.—Ferrite in “18-8.” 
Etched with 10 per cent hydrogen- Etched with aqua regia in glycerin. 
chloride. Mag. 500 x. Mag. 300 xX. 


It is possible to retain the delta (6) constituent or the 
high-temperature ferrite provided that the carbon content 
is low. It is more readily obtainable if the ratio of the 
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chromium to the nickel content is greater than ‘‘18-8.” 
Delta areas are shown in Figs. 187a and 187b. 

It has been previously stated that, in order that the 
high-chromium alloys may possess maximum corrosion 
resistance, the chromium should be present in solid solution. 
If a sufficient amount of the chromium precipitates as 
chromium carbide, the particular regions where this takes 
place will be depleted of their chromium content and will 
no longer possess proper corrosion resistance. 
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Fia. 188.—Carbide particles precipitated at grain boundaries in 18-8 alloy 
Mag. 3000 X. (Bain, Aborn and Rutherford.) 


Alloys of the ‘‘18-8”’ type are susceptible to intergranular 
corrosion owing to the precipitation of the chromium as 
carbide at the grain boundaries when the material is 
reheated within the temperature range of approximately 538 
to 760°C. (1000 to 1400°F.). If the metal has been pre- 
viously cold worked, the chromium carbide will also pre- 
cipitate at the slip planes. The presence of the precipitated 
carbides at the grain boundaries is shown in Fig. 188. If 
conditions are produced whereby the chromium can diffuse 
into the depleted regions, the corrosion resistance of the 
material will be restored. 
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As previously stated, the chromium carbide precipitates 
essentially as CrsC. The addition of some element that 
will cause the precipitation of carbon as its carbide instead 
of as chromium carbide will permit the chromium to 
remain in solution; the corrosion resistance of the material 
will thus be maintained. The addition of titanium is 
. generally used for this pur- 
pose. It is claimed that 
columbium produces similar 
results. 

A test can be applied to the 
austenitic material to deter- 
mine whether or not it is 
susceptible to intercrystal- 
line attack. A typical pro- 
. . cedure is to quench the alloy 
; Fig. 189.— Microstructure of dis- from a temperature suffi- 
integrated metal after sensitization and , 7 
corrosion. Mag. 100 X. (Bain, Aborn Clently high to produce com- 
page hese plete solubility of the carbide 
and then to reheat to about 650°C., after which it 
is subjected to the action of a boiling acid copper 
sulphate solution (Strauss Solution).! The effect of the 
modified solution on susceptible material is shown in Fig. 
189. 

Cast Iron.—Reference to the iron-carbon diagram (p. 
109) shows that the cast-iron field extends beyond 1.7 per 
cent carbon although the carbon content of commercial 
alloys is seldom below 2.2 per cent. The liquidus to be 
considered for these alloys consists of two branches, DI 
and JF. Primary austenite separates from the liquid 
along DI while cementite separates along JF. The eutectic 


A solution of 111 grams of copper sulphate and 98 grams of concentrated 
sulphuric acid in 1 liter of water. Bain and his associates recommend a 
modified solution containing 13 grams CuSO, 5 cubic centimeters HO and 


47 cubic centimeters H.SO, (sp. gr. 1.84) in a liter of solution. See Tuum, 
“The Book of Stainless Steels,” 1935. 
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consists of an intimate mixture of austenite having the 


composition H and cementite. This eutectic is known as 
ledeburite. 


WuitrE Cast Iron 


Fia. 190.—Typical structure. Fie. 191.—High phosphorus white 


Dark is pearlite and white is cemen- iron. Dark is pearlite, white is cem- 
tite. Nital etch. Mag. 100 x. entite, and fine feathery structure is 


the phosphorus-rich eutectic. Nital 
etch. Mag. 250 X. 


Fic. 192. Same as Fig. 191 at Fria. 193.—Outermost rim of chil] 
500 X. casting. Pearlite is dark and cemen- 
tite white. Mag. 150 X. 


An alloy of composition 6 on reaching the temperature 
t, begins to solidify with the separation of primary austenite 
of composition x. At t; the composition of the solid 
solution is y, which is in equilibrium with liquid of composi- 
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tion z. At ty, the primary austenite will be of composition 
H and the liquid of composition 7. At this temperature the 
liquid solidifies to form the eutectic, ledeburite. On 
cooling from the eutectic to the eutectoid temperature, the 
austenite changes in composition along HM with a decrease 
in solubility of the carbon in y-iron from 1.7 to 0.85 per cent. 
Pearlite is formed at the eutectoid temperature, the final 
product consisting of excess cementite and pearlite. This 


ih 
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Fie. 194.—Low-phosphorus white iron. Large black masses are pearlite. 
White is cementite. Fine structure is the eutectic, originally ledeburite (the 
eutectic of austenite and cementite, point H, Fig. 134). The austenite has 
changed into pearlite at Ar:. Nital etch. Mag. 100 xX. 


product is white cast iron. It has a white fracture and is 
hard and brittle owing to the large amount of cementite 
that is present. Its formation is favored by rapid cooling, 
low silicon, and moderately high manganese and sulphur. 
White-iron castings are difficult to machine and are so 
brittle that they have only a limited application. It is 
often necessary to produce soft and fairly strong cores 
with very hard surfaces, as, for example, in car-wheel 
treads or on the surfaces of rolls. In such instances, the 
mold is made with a sand core and a metal rim. The slow 
cooling of the center produces soft or gray iron, while the 
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rapid cooling by the metal chill forms hard or white iron. 
The most important use of white iron is in the manufacture 
of malleable castings. Between the outer white-iron layer 
of a chilled casting and the center with a gray-iron core, 
there is usually an intermediate structure showing the 
characteristics of both white and gray iron. This structure 
is called mottled iron. 

The common form of cast iron is obtained as a result of 
slow cooling and a high silicon content, together with low 
manganese and sulphur. In such an alloy, the primary 
austenite forms in the same manner as in white iron. The 
excess cementite, as well as that which separates from 
the austenite in cooling from the eutectic to the eutectoid 
temperature, decomposes into ferrite and free carbon as 
graphite in the form of flakes. The austenite is transformed 
into pearlite at the eutectoid temperature, thereby produc- 
ing a product that consists of pearlite, ferrite, and graphite. 
The cementite in the pearlite resulting from the eutectoid 
inversion may decompose under certain conditions into 
ferrite and graphite. In this case the final product will 
contain only ferrite and graphite. It is obvious, therefore, 
that gray cast iron may vary widely in its microstructure 
and corresponding mechanical properties, depending on its 
composition, method of casting, and rate of cooling. In all 
cases it contains excess carbon in the form of graphite 
flakes, which give to the material the dark colored fracture 
to which the term gray iron is due. 

A structure that is frequently present in cast iron is 
the ternary eutectic of iron phosphide, iron carbide, and the 
solid solution. The eutectic of iron phosphide and the 
solid solution of the phosphide in y-iron is known as 
steadite. 

For general purposes, gray cast iron containing small 
graphite flakes uniformly distributed throughout a matrix 
of pearlite represents the best material. The relative 
amounts of free and combined carbon (graphite and 
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cementite) are largely determined by the silicon content; 
the higher the silicon, the lower will be the percentage of 
combined carbon. Thin sections that tend to cool rapidly 


Gray Cast Iron 


Fig. 195.—Unetched. Shows in- Fie. 196.—Low in combined car- 
tersecting graphite flakes. Mag. bon. Black graphite flakes em- 
100 X. bedded mainly in ferrite. Nital 


etch. Mag. 100 x. 


Fie. 197. 
with larger graphite flakes. Low in graphite flakes in ferrite. Very 
tensile strength. Nital etch. Mag. weak material. Nital etch. Mag. 
100 ><. 100 x. 


Similar to Fig. 196 but Fia. 198.—Large intersecting 


must contain a higher percentage of silicon in order to 
become gray cast iron than sections that cool more slowly. 

The tensile strength of gray cast iron may vary from 
15,000 to 70,000 Ib. per square inch. The high value 
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represents that which may be obtained in the case of high- 
strength and heat-treated material. 

Nickel, chromium, copper, and molybdenum may be 
added as alloying elements to cast iron. Such irons are 


Gray Cast [Ron 


Fic. 199.—Graphite in ferrite with Fic. 200.—Same as Fig. 199 but 
phosphorus-rich eutectic. Nitaletch. at 250 XX showing phosphorus-rich 
Mag. 100 X. eutectic. Nital etch. 


Fra. 201.—Medium graphite flakes Fra. 202.—Large graphite flakes in 
in a field of pearlite. Good material. pearlite. Nitaletch. Mag. 100 xX. 
Nital etch. Mag. 100 X. 


frequently used to withstand more severe service than the 
ordinary material. Nickel is usually added in amounts 
from 0.25 to 5 per cent for general purposes. This element 
is a graphitizer and promotes machinability by eliminating 
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the tendency to form free carbide. It improves the wearing 
qualities, decreases grain size, and increases the strength 
and density of gray cast iron. It also decreases the depth 
of chill in those castings in which a chill is undesirable. 
The addition of a sufficient amount of nickel (10 to 18 
per cent) produces an austenitic structure with correspond- 
ing changes in physical properties. Changes in the coeffi- 
cient of expansion also take place with increase in nickel 


content. 
at sere: 
\ 
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Fic. 203.—‘‘ Ni-resist.’’ Total carbon 2.84, silicon 1.55, manganese 1.03, 


Nickel 14.5, chromium 2.34, copper 6.0. Graphite and carbide-austenite 
eutectic in austenite matrix. Nital etch. Mag. 500 x. 


The microstructure of an austenitic gray iron is shown 
in Fig. 203. Such an iron is used for heat-resisting purposes 
for temperatures up to 815°C. (1500°F.). It is non- 
magnetic and has high corrosion and scale resistance. 

Chromium increases the amount: of combined carbon 
and increases the tendency to chill or to form whiteiron. It 
is added to produce increased hardness and wear resistance. 

The approximate effect of chromium on soft iron is 
given as shown on page 171 by Bornstein! and Bolton: 
Improved heat and corrosion resistance can be obtained 
by the addition of large amounts of chromium. 


1 BorNSTEIN, H., and J. W. Boron, ‘‘Cast Iron,” National Metals 
Handbook, 1933 ed., p. 505. 
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Chromium, Per Cent Structure 
0.0 Ferrite and coarse graphite 
0.3 Less ferrite and finer graphite with pearlite 
0.6 Fine graphite and pearlite 
1.0 Fine graphite and pearlite and small carbides 
3.0 Graphite disappears 
5.0 Much massive cementite 

10.0 to 30.0 Fine cementite 


Nickel-chromium cast iron is produced in various 
combinations, generally containing below 3 per cent nickel 
and 1 per cent chromium. Nickel and chromium in 


Fic. 204.—‘Ni-hard.’’ Total car- Fic. 205.—‘‘ Nitricastiron”’ as cast. 
bon 3.30, silicon 0.90, nickel 4.50, Total carbon 2.90, silicon 1.60, man- 
chromium 2.50. Pearlite is dark, ganese 0.60, aluminum 1.00, molyb- 
cementite light. Nital etch. Mag. denum 0.75, chromium 0.40. Pearl- 
250 X. ite, carbide and _ graphite. Nital 

etch. Mag. 100 X. 


combination refine the structure and increase the strength 
and hardness without impairing the machinability. 

A very hard, tough, and strong product can be obtained 
by adding 4.5 per cent nickel and 1.5 per cent chromium 
to white cast iron. 

Molybdenum is widely used as an alloying element in 
gray cast iron. It increases the tensile strength, transverse 
strength and deflection, hardness, and impact resistance. 
It is usually added in quantities of from 0.25 to 1.25 per 


cent. 
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Other elements that are used for alloying cast iron include 
titanium, vanadium, aluminum, and zirconium. 

Pearlitic cast iron is a term that is commercially applied 
to a gray iron of low-silicon content that is prevented from 


Fig. 206.—“ Nitricastiron”’ air-cooled from 935°C. (1750°F.) and reheated at 
760°C. (1400°F.) for 4 hours. Excess carbide, graphite, and spheroidal car- 
bides in ferrite. Nital etch. Mag. 1000 x. 


Fiq. 207.—Nitrided nitricastiron. Nitrided at 538°C. (1000°F.) for 60 hours. 
Nital etch. Mag. 100 x. 


forming a white or mottled iron by being cast in heated 
molds. 

Aluminum is a graphitizing element. It is added to cast 
iron principally for the purpose of producing a material 
that will be susceptible to nitriding. The structure of a 
nitridable cast iron is shown in Fig. 205. In the ‘‘as-cast” 
condition it shows pearlite, graphite, and free cementite. 
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After air cooling from 950°C. and reheating to 725°C., 
the structure has changed to graphite, ferrite, and finely 
spheroidized cementite as shown in Fig. 206. Figure 207 
shows the nitride case produced after subjecting this material 
to the action of ammonia gas for 60 hours at 525°C. 

Semi-steel is an indefinite term that is applied to any cast 
iron in which steel scrap is used as a part of the charge to 
be melted. 

Malleable cast iron is made by the annealing of white cast 
iron within a certain range of composition and depends 
primarily on the reaction Fe;C @3 Fe+C. The free 
carbon formed under these conditions is crystallographically 
the same as the graphite in gray cast iron but different in 
form. It does not occur in flakes but in nodules and is 
known as temper carbon. 

Malleable cast iron is ductile and consists almost entirely 
of ferrite and temper carbon. 

The massive cementite in white cast iron is decomposed 
above the A; temperature, while that which exists as 
pearlite must be decomposed below A;. 

Two distinct forms of malleable cast iron are recognized, 
black-heart, the usual American type and white-heart, the 
form commonly made abroad. 

Black-heart malleable iron depends for its formation on 
the same decomposition of iron carbide, but without the 
removal of the carbon by oxidation, except at the outer rim. 
The packing material is generally some material such as 
sand, cinders, or mill scale to support the castings. In 
certain furnaces the use of packing material is unnecessary. 
The annealing temperature may be as high as 980°C. and 
the total annealing cycle may require 6 or 7 days. 

The presence of the finely divided carbon in the form of 
temper carbon imparts a black fracture to the material. 
Surface decarburization during annealing is difficult to 
avoid. This decarburization produces a ferrite rim of 
considerable thickness. 
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The strength of a high grade black-heart malleable iron 
may reach 54,000 pounds per square inch with an elongation 
of approximately 18 per cent. Malleable cast iron is used 


MALLEABLE Cast IRON 


Fia. 208.—Beginning of malleabil- Fie. 209.—Temper carbon in fer- 
izing. Black area is temper carbon, rite. Small light areas are undecom- 
dark masses are pearlite and white is posed cementite. Nital etch. Mag. 
cementite. Nital etch. Mag. 250 100 x. 

XxX. (Zavarine.) 


Fra. 210.—Average-sized particles 


of temper carbon. Nital etch. carbon in ferrite. Nitaletch. Mag. 
Mag. 100 x. 100 xX. 


Fic. 211.—Large masses of temper 


for castings that must withstand shock where gray cast 
iron would probably fail because of low ductility. They 
are used for automobile parts, in railway equipment, and in 
large quantities in the production of agricultural machinery. 
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MALLEABLE Cast [RON 


Fic. 212a and b.—Unsatisfactory structure shows that original material was 
mottled instead of white iron. Black masses are graphite flakes and temper 
earbon in ferrite. Mag. 100 X. 


Decarburized zone 
showing ferrite. 


Intermediate zone 
with ferrite and 
pearlite. 


Temper carbon in 
ferrite. 


Fig. 213.—Typical “ picture frame”’ effect due probably to improper com position, 
Mag. 100 xX. 
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White-heart malleable cast iron is made by annealing 
white cast iron packed in iron oxide (mill scale or hematite 
ore) for several days at a temperature of 900 to 950°C. or 
higher. The decomposition of the cementite is followed 
by the removal of all or most of the resulting carbon by 
oxidation. 

Modifications of malleable iron have come into extensive 
use. In one instance, the malleabilizing process is con- 
ducted so that part of the combined carbon is converted 
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Fig. 214.—Special malleable iron. Fie. 215—Same as Fig. 214. Mag. 
Temper carbon and spheroidal cement- 1000 x. 
ite in ferrite. Nital etch. Mag. 
100 X. 


into temper carbon and the remainder is spheroidized. 
Such a structure is obtained by first heating at a high 
temperature, cooling by air, and then reheating below A... 
The structure of such a material is shown in Figs. 214 and 
215 at 100X and 1000 respectively. This material shows 
a much higher tensile strength than ordinary malleable 
iron. 

Corrosion.— While a detailed discussion of the problems 
of corrosion would be out of place in a consideration of the 
principles of metallography, the question is one of such 
vital importance to industry that a brief summary seems 
justified. The losses due to corrosion cannot be estimated 


IRON AND STEEL i Wig 


with any accuracy as they include not merely the direct 
costs of replacing the corroded material but indirect losses 
such as the closing of a factory for repairs with the con- 
sequent decrease in production. Many figures have been 
suggested as indicating the cost of corrosion to the world 
and it is probably of the order of two billion dollars annually. 
Ferrous alloys are, of course, more likely to fail by corrosion 
but the nonferrous metals are by no means immune and 
contribute to a considerable extent to the total corrosion 
losses. Several special types of corrosion have been 
considered earlier in discussing dezincification (p. 100), 
season cracking (p. 89), and stainless steel (p. 155). 

Many general theories of corrosion have been advanced 
during the last hundred years, each of which has some 
adherents even today but most investigators have agreed 
that the electrolytic theory in some form is the true answer 
to the problem. Four factors of primary importance are 
concerned in any discussion of the electrolytic theory, but, 
in addition, many secondary conditions may profoundly 
affect not only the corrosion rate but, in some cases, may 
actually determine whether or not corrosion will occur. 

The first of these primary factors is the normal potential 
of the metal, often spoken of as solution pressure. All 
metals have a tendency to go into solution in the form of 
ions. With some metals, as, for example, sodium and 
potassium, this tendency is great and such metals corrode 
readily. At the other end of the series will be found 
silver, platinum and gold which will be recognized as very 
resistant to the usual corroding materials. Since the 
production of hydrogen (even though it may be immediately 
destroyed by an oxidizing agent) is essential in most of the 
usual instances of corrosion, the metals have been classified 
with respect to their relation to hydrogen. This arrange- 
ment, generally known as the electrochemical series, is 
approximately as follows: potassium, sodium, barium, 
strontium, calcium, magnesium, aluminum, manganese, 
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zinc, iron, cobalt, cadmium, nickel, lead, tin, hydro- 
gen, bismuth, copper, antimony, arsenic, mercury, silver, 
palladium, platinum, gold, silicon, tantalum, tungsten, 
molybdenum, vanadium, and chromium. It must always 
be remembered that this list merely indicates the general 
relation of the pure metals to each other and to hydrogen, 
but that many other factors must be considered in using 
the list as a measure of corrosion resistance, especially with 
those metals that are not far removed from hydrogen in 
their solution pressure. 

The second factor is the concentration of the metal ions in 
the solution. The tendency of a metal to go into solution as 
a result of its solution pressure is opposed by the presence 
in the solution of its ions. The higher the concentration 
of the ions of the metal in the solution, the less will be the 
effective solution pressure and, therefore, if other factors 
are excluded, the slower will be the corrosion rate. In the 
case of iron, for example, a tenfold increase in the concentra- 
tion of ferrous ions in the solution changes the solution 
potential from about —0.48 to —0.40 volt, in this way 
considerably decreasing the tendency of the iron to corrode. 

The third factor is the hydrogen-ion concentration of the 
solution in contact with the metal. Since the acidity of the 
solution is often of fundamental importance in determining 
whether or not a metal will corrode, it was felt desirable to 
find a simple method of indicating the acidity or alkalinity 
of a solution. This has led to the use of what is called the 
pH value, which is based on the dissociation of water into 
its hydrogen and hydroxide ions. The product of the con- 
centrations of the hydrogen and hydroxide ions is 107! so 
that, when the two ions are present in equal amounts, the 
concentration of each is 10-7. This is the case in pure 
water and the solution is neutral. Acid solutions have a 
greater hydrogen-ion concentration and alkaline solutions a 
greater hydroxide-ion than 1077. 
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As numbers with negative exponents are not easy to 
remember, the pH value has been adopted as indicating the 
log of 1/hydrogen-ion concentration. 

Results calculated from this expression consist of a series 
of small whole numbers from which the acidity or alkalinity 
of a solution may be seen at once. The pH value of 
neutral water is 7. Acids have pH values below 7 and 
alkalies have pH values greater than 7. As an example, 
calculation will show that a solution with a pH of 3 is 
distinctly acid and that its acidity is 1{9 that of another 
solution with a pH of 2. Most natural waters have pH 
values between 6 and 8 but in exceptional cases they may 
be found as low as pH 5. With respect to the corrosion 
of iron and steel, it may be said, in general, that if the pH 
value is greater than 10 the corrosion is slow; in the range 
from pH 5 to pH 10 corrosion is moderate; if the pH is less 
than about 4.5 the attack is rapid, and with very low values 
it may be violent. 

The fourth major factor is the solution pressure of 
hydrogen, which, when in contact with a solution, behaves 
like a true metal. When hydrogen is present as a gas, a 
condition that exists when hydrogen bubbles are evolved 
during corrosion, the solution pressure may be taken as 
zero with respect to that of the metals. If, however, the 
atomic hydrogen formed is at once oxidized by oxygen 
(depolarized), its solution pressure becomes much less than 
zero and the corrosion of the metal on which it would 
otherwise form is greatly increased. 

While the behavior of metals in general can be predicted 
in an approximate way by a consideration of these four 
factors, it must be remembered that many other conditions 
have to be considered in any complete discussion of the 
problem. In this list are included the method of manu- 
facture of the metal or alloy, the temperature of the 
corroding solution, the velocity of the corroding solution, 
the contact of the metal with a dissimilar metal, the 
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possible effects of electric currents (stray currents), and 
probably thirty or forty other factors of lesser importance. 
This great number of variables makes a detailed study of 
the corrosion problem extremely complex. 

While the effect of oxygen has been indicated under 
factor four (p. 179), its importance cannot be overempha- 
sized. It is universally agreed that oxygen is the prime 
factor in almost all ordinary corrosion problems and that if its 
complete absence could be assumed the corrosion problem 
would practically cease to exist. This fact has been 
beautifully shown by Evans, by means of a simple experi- 
ment. ‘Two strips of iron are partially immersed in a dilute 
solution of potassium chloride and are separated from each 
other by a parchment membrane. Outside the solution 
the strips are connected together through a milliammeter 
which indicates any flow of electricity from one plate to 
the other. Under ordinary conditions nothing happens 
and there is no deflection of the ammeter needle. If, 
now, air is bubbled into one of the two compartments, the 
needle at once moves, indicating the production of an 
electric current in spite of the fact that the solutions in 
each part of the cell are. the same, and that the two pieces 
of iron have identical compositions. A study of the 
system shows that the wnaerated plate has become the 
anode and is dissolving rapidly while the aerated strip has 
become the cathode and is dissolving slowly if at all. This 
experiment shows clearly why the corrosion of a boiler is 
likely to occur in seams, around rivet holes, and at other 
points to which oxygen does not easily come. The corro- 
sion of iron and steel is usually due, then, to differences 
in the oxygen concentration at different points. This is 
called differential aeration. 

A somewhat complex situation exists in the case of copper 
and its alloys. There is little doubt but that copper obeys 
the same laws as iron and other more reactive metals in 

‘Evans, “Corrosion of Metals,” 1926, p. 80. 
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respect to aeration, but its solution pressure is so low and 
is so markedly affected by the presence of copper ions in 
the solution that the removal of copper ions by stirring 
becomes the determining factor in its corrosion. Normally, 
then, the corrosion of copper is most active where the 
motion of the corroding medium is greatest. Failure of 
copper tubes often occurs at sharp bends where the scouring 
action is unusually severe. This condition makes it very 
difficult in many circumstances to determine whether failure 
is due to corrosion in the restricted use of the term (electro- 
lytic action), or to erosion (mechanical action). In many 
instances both effects are involved. 

Protection against Corrosion.—It was stated previously 
that in most cases of corrosion (those not due to direct 
solvent action of active chemical reagents) oxygen is the 
determining factor. It is also clearly recognized that the 
formation of films on metals may be of vital importance in 
eliminating or at least markedly reducing corrosion. The 
production and character, both chemical and physical, of 
these films have so marked an influence on corrosion that it 
is often stated that corrosion effects are nothing but mani- 
festations of film formation. These films are commonly 
of the oxide type but may be sulphides as in the manufac- 
ture of ‘‘oxidized”’ silver, in which the silver is protected to 
some extent by a sulphide skin, or with lead, in which the 
surface becomes covered with a thin layer of insoluble lead 
sulphate. 

An interesting generalization concerning the physical 
characteristics of these films was made by Pilling and 
Bedworth,! who correlated the protective effect of an oxide 
film with the relative densities of the metal and its oxide. 
If the formation of the oxide is accompanied by a decrease 
in volume, the oxide film will shrink and crack, permitting 
further easy access of oxygen. If, on the other hand, the 


1J. Inst. Metals, 29 (1923), 529. 
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formation of the oxide occurs with an increase in volume, 
provided this increase is not too great, the underlying 
metal will be covered at all times by a more or less continu- 
ous film which, if it is chemically nonreactive, serves to 
protect the metal from further attack. This conception 
explains the rapid corrosion of sodium, lithium, barium, 
and similar metals which form light, nonadherent oxides 
and the resistance to many types of corrosion of aluminum 
which, while it is normally quite reactive, becomes covered 
the instant it is in contact with air with a thin, continuous 
nonreactive film of aluminum oxide. 

These protective films are in general so thin as to be 
transparent. Evans has succeeded, however, in isolating 
many of them so that their existence is not a matter of 
speculation but is an experimentally determined fact. 
Practical examples of the protective effect of these films 
are numerous. The passive form of iron is due to the forma- 
tion of a thin, closely adherent film of ferric oxide ; the 
Parker process for protecting steel against rust depends on 
the production of an insoluble phosphate film; and the 
resistance to atmospheric corrosion of copper-bearing steel 
is without question due to the character of the surface film 
resulting from oxidation. 

While researches as to the reason for the corrosion 
resistance of the stainless steels (p. 155) are in progress in 
many laboratories, it seems almost certain that here again 
the protection against corrosion is due to the formation of a 
continuous, closely adherent film containing chromium, 
and that this film has the additional useful property of 
renewing itself if it is accidentally broken. These con- 
siderations with regard to the formation of protective or 
nonprotective films indicate clearly the most effective 
method of protecting a metal against corrosion is to keep 
it from contact with the corroding material. Seven 
general methods of more or less completely separating the 
metal from the corroding medium are the following: 
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1. A thin film of oxide, phosphate, sulphate or other 
insoluble material produced either artificially or as a 
natural result of the corrosion. 

2. A layer of paint, enamel, or varnish. Certain types 
of paints or varnishes are more resistant to attack than 
others, but the literature of paint protection is so extensive 
that a detailed discussion is not possible. In general, it may 
be said that oxidizing pigments like red lead or the chro- 
mates of lead or zinc are most effective. These pigments 
tend toward the formation of a thin protective oxide film. 

3. A layer of more protective metal. The metals most 
commonly used for this purpose are zinc, tin, nickel, 
copper, chromium, aluminum, cadmium, cobalt, and in 
special cases silver, gold, or the platinum-group metals. 
Alloys are also used occasionally, especially brass and the 
copper-nickel alloys. These layers of metal may be applied 
in various ways, for instance: (a) by electrodeposition; 
(b) by dipping in the molten protective metal as in galvaniz- 
ing or tinning; (c) by heating in metallic dust. If zine dust 
is used, the process is called sherardizing, while, with 
aluminum powder, it is known as calorizing. Chromizing 
consists in heating the metal to be coated in a mixture of 
powdered chromium and aluminum oxide. (d) Coatings 
may be applied by spraying following the original sugges- 
tions of Schoop. The wire to be used for the protective 
coat is fed from a reel through an oxyhydrogen, or oxygas 
flame coming from the barrel of a spray pistol. The pistol 
grip makes it possible to direct the stream of metal vapor 
against the surface to be protected. Almost all of the 
pure metals and many alloys can be applied in this way. 
(ec) Metallic coatings are being applied mechanically to an 
increasing extent. Copper-clad steel plates are commonly 
made by casting a copper shell around a steel billet. The 
composite billet is rolled into a sheet which then consists 
of a steel central section protected by a firmly adherent 
copper layer of the desired thickness. While details of 


184 PRINCIPLES OF METALLOGRAPHY 


manufacture are not available, it is probable that Alclad 
(p. 67), Nickel Clad, and other duplex metals are made in a 
somewhat similar manner. 

4. Many tarry or bituminous mixtures are used in the 
covering of buried water, oil, or gas mains and for the pro- 
tection of structural ironwork under bad atmospheric 
conditions as, for example, in chemical plants. 

5. Cement or concrete is frequently used as a protective 
coat or liner for large steel water mains, or in aqueducts 
when the water is corrosive in character. 

6. Protection by glass or enamels is very common as is 
shown by the extensive use of enameled kitchenware and 
bathroom equipment. 

7. Finally the use of oil or grease to protect machine 
parts from rusting is too familiar to need comment. 

In many instances the protection of the metal against 
corrosion is impracticable because of the excessive cost of 
material, difficulty in the fabrication of coated metal, or 
for other reasons. Under these conditions, an effort is 
made to reduce the corrosive character of the liquid 
(generally water) in contact with the metal. Purification 
of the water involves one of two operations or often both: 


1. Removal of oxygen. 
2. Removal of chemical impurities. 


1. Since oxygen is one of the main factors in corrosion, 
its removal or at least its reduction in amount greatly 
lessens the corrosiveness of the water and in this way 
extends the service life of the pipe, boiler, or other part to 
be used. Oxygen may be removed by: (a) deactivation, or 
(b) deaeration. In deactivation, the water to be treated is 
passed over cheap scrap iron or steel. This reacts with the 
oxygen in the water, reducing the concentration to such an 
extent that no serious corrosion takes place in the system 
that is being protected. The scrap metal in the deactivator 
is replaced at intervals at a relatively slight expense. 
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Deaeration consists in the mechanical rather than the 
chemical removal of air. The water is preheated before it 
goes into the system, preferably under slightly reduced 
pressure, and in this way most of the oxygen is mechanically 
eliminated. 

2. In special cases the corrosiveness of a water may be 
due to chemical substances dissolved in it. Sodium 
carbonate (soda ash) is often used to reduce acidity and 
occasionally dilute sulphuric acid is used to correct excessive 
alkalinity. In both instances, the concentrations must be 
most carefully controlled or the corrosion inhibitors will 
do more harm than good. Sodium silicate (water glass) 
has been used to an increasing extent in recent years and 
also certain of the phosphates of sodium, especially in 
connection with the feed water for boilers and large heating 
systems.’ 

1 For a detailed discussion of the corrosion problem, the reader is referred 
to SPELLER, ‘‘Corrosion: Causes and Prevention,’”?’ McGraw-Hill Book Com- 


pany, Inc., New York, 1935, and Hepass, ‘‘Protective Films on Metals,” 
D. Van Nostrand Company, Inc., New York, 1932. 


CHAPTER V 


THE MACROSCOPIC EXAMINATION OF STEEL 


The results of the chemical analysis of a piece of steel 
are based on the assumption that the elements present are 
uniformly distributed to form a homogeneous material. 
The same restrictions hold for a mechanical investigation. 
The method used to determine whether or not this uni- 
formity exists is based on the examination of the material] 
at a low magnification, 7.e., either with the unaided eye or 
with a simple magnifier after polishing and etching. This 
so-called macroscopic examination has several advantages 
Over a microscopic one, which it should precede in a great 
many cases, in that the preparation of the specimens for 
examination is much simpler, much larger areas may be 
examined, and the interpretation of the results is easier. 
Although polishing with No. 00 or No. 000 emery paper is 
preferred, it is often possible to obtain the desired informa- 
tion by etching specimens that have been carefully machined 
or ground. This is especially true when macro-etching with 
a 50 per cent solution of hydrochloric acid in water. A 
macroscopic examination tells what has taken place in the 
ingot mold, discloses Segregated areas, various defects, 
and reveals the flow lines in material that has been forged. 

Mechanism of Segregation.—In order to understand the 
manner in which segregation may take place in steel, it is 
necessary to consider the mechanism of selective solidifica- 
tion. In the case of a pure metal, the temperature at which 
the material solidifies remains constant. If, however, a 
material such as steel is chosen, the effects of other elements, 
especially carbon and phosphorus, will have to be taken 
into consideration. Carbon exists in solution as such 
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or as iron carbide, phosphorus as iron phosphide. The 
sulphur exists as manganese sulphide provided that 
sufficient manganese is present. 

When an ingot mold is filled with liquid steel, the metal 
immediately in contact with the mold will solidify first, 
since the heat loss at this point is the greatest. The crust 
thus formed fixes the external dimensions of the ingot. As 


Temperature 


.35 .60 .85 1.60 
Percentage of Carbon 


Fic. 216.—Iron-carbon diagram. 


solidification proceeds inwardly, successive layers freeze 
progressively, and a shrinkage cavity forms in the upper 
central part of a normally cooled ingot. This is due to the 
decrease in volume of the metal in passing from the liquid 
to the solid state. Such a shrinkage cavity is known as a 
pipe. 

Impurities in a substance lower its melting or freezing 
point, provided that these impurities are soluble when 
the substance is in the liquid state. This lowering of the 
temperature at which solid material separates from the 
liquid proceeds as the concentration of the impurities in 
the solution increases. 
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Figure 216 shows the simplified equilibrium diagram of 
the iron-carbon alloys and illustrates this principle. 

AC is a line drawn through the temperatures at which 
solid material begins to separate from the liquid, the 
temperature varying with the carbon content. AB is a 
line drawn through the temperatures below which the 
material is in the solid state. The compositions of the 
solid separating from the liquid and of the remaining liquid 
can be determined at any given temperature within the 
solidification range by drawing a horizontal line through 
this temperature so as to intersect the lines AC and AB. 
For example, at the temperature ¢, the composition of the 
solid is represented by the point f and is approximately 
0.60 per cent carbon, while the composition of the residual 
liquid is represented by the point g or approximately 1.60 
per cent carbon, although the carbon content of the original 
liquid was 0.85 per cent. These compositions of solid and 
liquid at temperature ¢ are determined by noting the 
points of intersection with DE of the vertical lines drawn 
from points ¢ and d. 

The important points to be noted in the study of this 
diagram are that the solid material that Separates with the 
gradual decrease in temperature becomes enriched in 
carbon and that the liquid from which it separates also 
becomes enriched in carbon and is at all times higher in 
carbon content than the solid that separates from it. 
The same procedure is followed in considering phosphorus. 
Therefore, the material immediately in contact with the 
ingot mold contains the least amount of carbon, phosphorus, 
and sulphur. 

Figures 217 and 218 show the manner of solidification 
and the steel ingots resulting from the use of two types of 
molds. ‘The shrinkage cavity in each case is clearly visible. 
The concentration of carbon, phosphorus, and sulphur 
increases and reaches a maximum in the region of the 
“pipe.” 
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It is obvious that the ‘“‘pipe’’ should occupy such a 
position that it can be discarded, leaving only sound metal. 
Where the product warrants the cost, such as the best 
grade of tool steel, it is necessary to cast the ingot with its 
large end up and to have the top of the ingot formed in a 
material of poor heat conductivity, called a hot-top or a 
shrink-head casing. 


Fia.217. Pre. 218: 
Fics. 217 and 218.—Location of pipe in ingot as affected by the type of mold. 
(Brearly.) 


Dendrites.—The manner in which crystallization takes 
place is shown in Fig. 219. The crystals form at right 
angles to the walls of the ingot mold. The solid material 
with the least amount of carbon and phosphorus is at the 
point e, with increasing amounts toward the tip f and to the 
tips of the branches. Such a development is known as a 
dendrite, a conglomeration of which gives rise to what is 
known as a dendritic or a pine-tree structure. The inter- 
dendritic filling contains a higher percentage of carbon, 
phosphorus, and sulphur than the dendrites themselves. 
Later, carbon diffuses back into the dendrites, leaving 
the interdendritic filling higher in phosphorus than the 
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dendrites but lower in carbon content. Also, the quantities 
of these elements increase toward the upper central part of 
the ingot so that the last liquid to solidify will contain the 
largest amounts of these elements. Actual dendrites in 
ferrosilicon are shown in Fig. 220. They were present in a 
large gas cavity or blowhole. 

In this dendritic solidification, the impurities are very 
often entrapped by the dendrites. The formation of a 
vast number of small and closely packed dendrites creates 
small local segregates, thereby favoring their removal by 


Y y& 
Interd 


Fig. 219.-—Characteristic dendrite for- Fig. 220.—Dendrites formed in a 
mation. (After H. M. Howe.) blowhole in ferrosilicon. 


diffusion and by mechanical work. A low pouring tempera- 
ture followed by rapid solidification creates this condition. 

The carbon begins to diffuse immediately after solidifica- 
tion. Two of the characteristics of phosphorus are its 
tendency to segregate and the persistency of its segregation. 
Therefore, the phosphorus content between any two 
dendrites or in the interdendritic filling remains practically 
the same after passing through the transformation range as 
after solidification. The sulphur is present as manganese 
sulphide, provided that sufficient manganese is present. 
This compound is insoluble in the solid material and, 
therefore, does not possess the property of diffusion. It is 
entrapped by the dendritic branches or is mechanically 
pushed ahead into the last portions of the solidifying liquid. 
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The dendrites form at practically right angles to the walls 
of the ingot mold. The crystals immediately in contact 
with the mold or the surface crystals that have formed from 
rapid cooling are termed chill crystals. The columnar 
crystals are the long dendrites which may fill up the whole 
of the ingot if the supply of fluid metal does not fail or if 
the crystals do not meet any solid obstruction. To form 
columnar crystals the metal in the ingot must remain 
liquid for a comparatively long time. In practice, it may 
happen in relatively small ingots, but in large ingots 
the center is cooled down to the freezing point before the 
columnar crystals have grown across the ingot. The 
solidification of the remaining metal takes place from a 
large number of independent centers, the result being that 
the center of the ingot is filled with numerous small crystals 
of no special shape, the axes of which do not le in any 
definite direction in relation to the walls of the ingot mold. 
These crystals may be termed free, or equi-axed, crystals. 

The structure of a tool that fractured in hardening is 
shown in Fig. 221. The hardening operation was performed 
correctly and the chemical analysis was satisfactory. The 
macrostructure shows clearly the presence of the original 
ingot structure, which had not been broken down by 
mechanical work. The presence of such a structure, 
however, does not necessarily indicate unsatisfactory 
material as the failure in this instance was due mainly 
to the presence of an excessive amount of nonmetallic 
inclusions. Their presence was revealed on microscopic 
examination. Figure 222 shows the dendritic structure in 
a die that failed in service. These two specimens were 
etched with the Le Chatelier and Dupuy reagent. 

It will be noted that dendritic segregation accompanies 
the formation of dendrites. If complete diffusion of the 
segregating elements takes place, the dendritic structure 
cannot be detected by macro-etching since the dendrites will 
be chemically homogeneous. If these dendrites are 
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chemically heterogeneous owing to lack of diffusion, espe- 
cially when it is due to phosphorus, which produces per- 
sistent segregation, the resulting structure can be revealed 
by etching with suitable reagents. 


Fie. 221.—Dendritic structure in Fic. 222——Dendritic structure in 
defective tool. Mag. 24 x. defective die. Mag. 24% x. 


Fia. 223.—Crystallization of hot steel in a square mold. (Brearly.) 


Careful distinction should be made between the term 
dendrites and dendritic segregation. The dendrites are an 
integral part of the large grains which form on solidification 
of the liquid material. These macro-grains break down into 
micro-grains on cooling from the solidus to the thermal 
critical range. The result is that the dendrites may dis- 
appear but not the dendritic segregation unless the segre- 
gating elements have diffused to produce complete 
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homogeneity. Etching with suitable reagents reveals the 
presence of dendritic segregation and not the original 
dendrites. . 

Figure 223 represents the structure obtained when a 
square mold is filled with very hot liquid steel. Crystals 
form, which lengthen toward the center because they are 
free to grow in that direction. Since the only solids inter- 
fering with their growth lengthwise are similar crystals 
growing from adjacent sides of the mold, the cold ingot 


Fig. 224.—Breakdown of a hot-cast wax ingot showing the effects of directional 
growth. (Brearly.) 

will consist of four triangular prisms composed of long, 
needle-like crystals, one face of each prism corresponding 
to the interior face of the mold against which it formed. 
The growth of crystals, or dendrites, from the bottom of the 
mold has proceeded in the same manner so that the four 
triangular prisms rest each on one face of a four-sided 
pyramid. If these geometrical components of an ingot 
cast from very hot steel could be pulled apart, they would 
appear separately as shown in Fig. 224, which represents 
the geometrical components obtained by dissecting a 
hot-cast wax ingot. 
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It is evident that in the solidified ingot there are certain 
definite zones in which there is only moderate cohesion 
among the crystals of the steel and consequently these 
positions in the ingot are zones of weakness. The zones 
in particular are: (1) the junction of each columnar crystal 
with its neighbors; (2) the junction of each set of columnar 
crystals; (3) the junctions of the columnar and the free 
crystals. Cracks may occur between the faces of the 
geometrical components. The end appearance of a billet 
in which the cracks have 
occurred along the planes 
of intersecting crystals in a 
hot-cast ingot is shown in 
Fig. 225. An ingot or cast- 
ing made from steel that 
has been poured from a high 
temperature may crack from 
the cooling stresses. Also, 
any tendency to pull while 
in the mold may produce 
deep-seated cracks when the metal is heavily rolled or forged. 

It is evident from the discussion given above that the 
depth to which the chill and the columnar crystals extend 
depends greatly on the casting temperature. If very deep, 
the ingot or casting will be mechanically weak, and more 
likely than not the ingot will crack before it becomes a billet 
or a bar. If these erystals are of barely visible depth, 
the ingot, if otherwise sound, will be strong and exception- 
ally resistant to either careless heating or rapid forging. 
An ingot or casting composed mainly of free crystals has no 
geometrical components. An important quality precau- 
tion, therefore, in the production of good ingots is an 
efficient control of the casting temperature. Neglect of 
this leads to fragile ingots that crack on cooling or on 
reheating and rolling. Corrugated ingot molds are often 
used to prevent the formation of weak zones. 


Fig. 225.—Actual failure in a hot-cast 
ingot. (Brearly.) 
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It is obvious that a sufficient amount of the ingot to 
include the shrinkage cavity or pipe must be discarded. 
Gases are evolved when the steel passes from the liquid to 
the solid state. These gases bubble through the liquid 
and escape. If a crust is allowed to form on the top, these 
gases cannot escape except into the pipe, thereby 
enlarging it and causing it to extend farther into the ingot. 

Sometimes it happens that the pipe is not completely 
removed and gives evidence of its presence in bars or in the 


Fie. 226.—Irregular black mass is a Fic. 227.—Failure of wrench 
“pipe’’ in the center of the bar. jaw due to a “pipe.” 


fabricated articles. This pipe, upon being exposed to the 
air while hot, becomes coated with iron oxide, which pre- 
vents it from being welded together when mechanically 
worked. ‘The macrograph in Fig. 226 shows the presence 
of a pipe in a bar that failed in forging. A wrench jaw 
that was forged from this bar subsequently broke into two 
parts. The two parts held together only along the outer 
edge. The fracture of this article is shown in Fig. 227. 
Very often the gases that are formed in the process of 
solidification become entrapped to form blowholes. Some- 
times the formation of blowholes is purposely resorted to 
in order to decrease the size and the depth of the pipe. It is 
claimed by many metallurgists that such a procedure does 


196 PRINCIPLES OF METALLOGRAPHY 


no harm in cases where the ingots are to receive a great deal 
of mechanical work. These blowholes contain mainly the 
reducing gases carbon monoxide and hydrogenand become 
welded when the ingot is rolled or forged. 

The use of rusty molds may produce a regular honeycomb 
effect in an ingot or casting due to the formation of carbon 
monoxide and carbon dioxide as the result of the reaction 


Fic, 228.—Pipe in ingot. Fic. 229.—Blowholes in ingot. 


of the carbon in the steel with the iron oxide constituting 
the rust. 

The positions of the pipe and the blowholes in a number 
of ingots are shown in Figs. 228 to 230. Figure 230 shows 
an unusually bad structure since the blowholes are extern- 
ally seated. Scaling of the surface of this ingot may readily 
expose the blowholes to the air. Subsequent rolling of the 
hot ingot will not weld these cavities since they have become 
coated with iron oxide as the result of exposure to air while 
hot. These cavities become elongated in the direction of 
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rolling and give rise to seams. Figure 231 shows a seam 
in a steel bar. 

Tests for Steel Defects.—It 
has been mentioned previously 
that the elements in steel that 
are most likely to segregate are 
carbon, phosphorus, and _ sul- 
phur. The reagents commonly 
used to detect segregation 


Fig. 230.—External blowholes in in- Fic. 231.—Seam (V-shaped area) in a 
got. Transverse section. steel bar. 


may be classified as follows: 


Heyn’s reagent 

Iodine reagent 

Ammonium persulphate 
Humfrey’s reagent 

Rosenhain and Haughton reagent 
Acids 

Same as for carbon 

Stead’s reagent, 

Canfield’s reagent 

Le Chatelier and Dupuy reagent 
Same as for carbon 
Sulphur-print method 


Carbon segregation... . 


Phosphorus segregation 


Sulphur segregation.... 1 


Figure 232 is a photograph of a thermit weld, etched with 
Heyn’s reagent. The contrast in etch between the low- 
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Fic. 232.—Thermit weld (longitudinal section) etched with Heyn’s reagent. 
Center section shows slightly lower carbon content in the weld and that the iron 


resulting from the thermit reaction has melted the ends of the bars to form a 
solid weld. 


Fig, 233.—Mild steel etched with Fie. 234 
264. i 
ammonium persulphate to show segre- ee eet: 


in a defective shaft. i i 
gation. One-fourth size. phosphorus rich oN Sener aes 
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carbon and the higher carbon areas is shown. This macro- 
graph shows, furthermore, that the molten iron that was 
produced as the result of the thermit reaction has melted 
the ends of the two bars being welded to form the indicated 
Junction. 


Ratu Sections ErcuHep witH IopINE REAGENT 


Fig. 237.—Phosphorus-rich areas Fic. 238.—Carbon segregation in 
light in head and web. head and web. 


Ammonium persulphate has been highly recommended by 
Rawdon of the Bureau of Standards. This recommenda- 
tion is well deserved, as the solution is easy to prepare and 
to apply and gives excellent results (see Fig. 233). 

The macrograph in Fig. 234 is that of a section of a steel 
shaft that failed in service. The specimen was etched with 
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the iodine reagent. A spiral crack, which developed at the 
segregated ring, extended the entire length of the shafting. 
Drillings from the center and from the outside edge showed 
a satisfactory analysis. The segregated area, however, 
analyzed 0.23 per cent phosphorus. Sections of steel rails 
serve as excellent specimens for macroscopic study (Figs. 
235 to 238). The macrograph of the first rail section indi- 
cates satisfactory material. Phosphorus-segregated areas 


STOLE LE CEE OES SEN AM ete te 


Tia 2a BA i Se 


Fig. 239.—Phosphorus-rich streaks (ghost lines) in rolled steel. 


are denoted by the light etching, while carbon and sulphur 
segregations are denoted by the dark areas. 

Stead’s reagent gives excellent results when used for the 
detection of phosphorus segregation. It has, however, the 
disadvantage that the specimen must be well polished. 
The macrograph in Fig. 239 shows streaks or ghost lines, 
indicative of phosphorus Segregation, in a longitudinal 
section. 

The detection of sulphur segregation is best determined 
by the sulphur-print method (p. 214). Figures 240 and 241 
show clearly the dark sulphide areas. 

Canfield has proposed a reagent for detecting phosphorus 
Segregation. (p. 218). Figure 242 shows the results 
obtained with this reagent. Figure 243 is the same 
specimen (phosphorus Segregation) etched with Humfrey’s 
reagent. 
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The reagent developed by Le Chatelier and Dupuy is 
supposed to indicate the segregation of oxygen as oxide. 
This reagent has been found to indicate phosphorus 


Fie. 240. Fig. 241. 
Fias. 240 and 241.—Reproduced from direct-contact ‘‘sulphur prints,’ showing 
sulphide segregates (dark). 


Fia. 242. Fig. 243. 
Fig. 242.—Phosphorus segregation shown by Canfield’s reagent. Light areas 


are phosphorus rich. 
Fic. 243.—Phosphorus segregation shown by Humfrey’s reagent. Dark areas 


are phosphorus rich. 


segregation in the same manner as Stead’s reagent. Figure 
244 shows streaks that supposedly indicate oxide but 
probably indicate phosphorus segregation instead. This 
reagent is excellent to show dendritic segre- maT 
gation but will not give satisfactory results 
when the specimen is in the hardened 
condition. Both Stead’s reagent and that 
of Le Chatelier and Dupuy require the 
presence of free ferrite to give results. The Fic. 244.—Possi- 
iodine reagent, however, will indicate the paced, Sica te, 
dendritic segregation when it is present in a hardened 
piece of steel. 

Directional Properties of Steel—It has previously been 
mentioned that the dendrites produced when steel solidifies 
are formed at right angles to the walls of the mold. These 


202 PRINCIPLES OF METALLOGRAPHY 


dendrites or the resulting micro-grains, together with the 
dendritic segregation, become elongated and are made par- 
allel in the rolling and forging operations to produce the so- 
called fiber in steel. The appearance of this fiber may be 
shown by the etching of the longitudinal sections of steel 
bars. Macrographs 245 and 246 show this fibrous char- 
acter in steel bars that have been etched with the Le Chate- 
lier and Dupuy reagent. Note the much finer structure in 
Fig. 245 than in Fig. 246. 


Fie. 245.—Macrograph of steel bar Fic. 246.—Macrograph of steel bar 
showing fine fibers. showing coarse fibers. 


A study of fiber in steel is of great importance, particu- 
larly in the manufacture of such articles as crankshafts, 
gears, and other forgings. A crankshaft, for example, may 
be fabricated so as to cause the fiber to produce a snaky 
grain, 7.e., the fiber follows the direction of forging, or it 
may be roughly cut out and then machined to the desired 
shape, in which case the fiber will produce a straight- 
grained structure. Figure 247 shows a crankshaft that 
has been properly made in which the snaky grain is present. 

Figure 248 shows a machine-forged crankshaft, which also 
has this structure. Figure 249 shows a crankshaft that 
has been improperly made. A crankshaft that has been 
made in such a manner that the applied stress will be 
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perpendicular to the direction of the fiber will have far 
greater shock-resisting properties than one that has been 


Fie. 247.—Forged crankshaft showing ‘‘snaky”’ fiber. 


Fig. 248.—Machine-forged crankshaft showing “‘snaky’’ fiber. 


Fig. 249.—Bad condition of fiber in a shaft machined from bar stock. 


made so that the applied stress will be parallel to the direc- 
tion of the fiber. A normal fracture in a crankshaft takes 
place at the point a, as shown in Fig. 247. Figure 249 


204 PRINCIPLES OF METALLOGRAPHY 


shows unsatisfactory distribution of the fiber in a shaft 
machined from bar stock. Humfrey’s reagent was used to 
etch these specimens. 
Contact Printing.—In- 
stead of photographing deep- 
ly etched specimens, a 
reproduction of the details 
may be made by contact 
printing. A small amount 
of printer’s ink should be 
Fre EOE toe ke nenretched tlacad on glass plate aad & 
squeegee roller should then 
be passed back and forth a number of times until 
the ink has been uniformly distributed over the roller. 
The ink is then transferred 
to the specimen. The speci- 
men should be pressed firmly 
against a sheet of thick 
white paper, whereby the 
details of the etched surface 
will be reproduced. Figures 


Re tes 


Fira. 251.—Reduced from direct ink print 


Fic. 252.—Reduced from printer’s 
of forged crankshaft. eihare 


ink contact print of forged bar. 


251 and 252 are macro-prints that were prepared in this 
manner, 
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Methods of Gear Manufacture.—In milling cutters and 
in gear blanks, the grain may be disposed in three ways, 
according to the manufacturing process used. The simplest 
method is to make the blank from a section cut off from the 
steel bar. In this instance, the gear blank will have the 
direction of the fiber, as indicated in Fig. 253a. It is 
readily apparent that this direction is unfavorable for a 
gear that is to have maximum shock-resisting properties. 
Figure 2536 illustrates the flat-bar method, in which the 
blow of the hammer is perpendicular to the direction of the 


Fic. 253.—Three methods of forging gear blanks. (Brearly.) 


fiber. A tooth at the position A has the fiber parallel to 
the pitch line and to the direction of the applied stress; 
this tooth will be greatly inferior in its shock-resisting 
properties to tooth B, where the direction of the applied 
stress is perpendicular to the direction of the fiber. <A 
third method is to up-end a bar of much smaller diameter 
into the required blank. In this operation, the grain of the 
steel flows radially, as shown in Fig. 253c. This is the ideal 
method for making gear blanks or milling cutters, since the 
direction of the fiber in every tooth is such as to be most 
favorably disposed toward the working stresses; therefore 
such a gear or milling cutter will have maximum shock- 
resisting properties. Figures 254 and 255 show the direction 
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Fic. 255.—Gear blank forged from up-ended bar showing radial fibers. 
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of the fiber in gear blanks forged by the flat-bar and by the 
up-end methods, respectively. 

The importance of the proper direction of fiber in tools, 
ete., particularly those which have to withstand shock, can- 
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Fia. 256.—Influence of slag lines and fiber in relation to the direction of stress. 
(Brearly.) 


not be overemphasized. The effort required to break a 
notched bar across the grain may be from five to ten times 
as great as the effort required to break the bar along the 
grain. 

Brearly obtained a quantitative idea of the influence 
exerted by the direction of the fiber on the mechanical 
properties of steel by rolling an ingot directly into a slab. 
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This slab was cut longitudinally down the center and 
duplicate test bars were cut parallel to the direction of 
rolling and also at varying inclinations up to and including 
one at right angles to the direction of rolling. The test 
bars were each oil hardened at 830°C. and tempered at 
630°C. before being machined into the usual form of test 
piece. The test results are shown in Fig. 256. The maxi- 
mum stress of the material is seen in this figure to be nearly 


Fic. 257.—Direction of fiber in a forging as shown by Humfrey’s reagent. 


constant, whether the test piece is cut parallel to or at 
right angles to the direction of rolling. This is invariably 
the case, provided a premature break does not take place 
owing to a slag streak or other defect. Both the elongation 
and the reduction of area show a marked decline when the 
fiber les at an angle exceeding 40 degrees to the direction 
of the applied stress. The impact figure is greatly influ- 
enced by the direction of the fiber. 

Figure 257 shows the direction of the fiber in a forging 
that has been etched with Humfrey’s reagent. 

One of the most common expressions used in accounting 
for fractures in crankshafts and similar articles is that the 
failure is due to the crystallization of the steel. This 
erroneous idea undoubtedly originates from the appearance 
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of the fracture, known as a detail fracture or a fatigue failure, 
although a better term would be progressive failure, pro- 
duced as the result of alternations of stresses, in which part 
of the fracture appears more or less smooth and the 
remainder granular or crystalline. The steel, to begin 
with, is crystalline. If a piece of steel is subjected to a 
single stress, it will fulfill its requirements indefinitely, 
provided that a certain limit is not exceeded. This stress 
may be either tension, compression, or torsion. If, 
however, the material is subjected 
to stresses of similar values of com- 
pression and tension but repeatedly 
alternated, the article may ultimately 
fail. An example to illustrate this 
point is shown in Fig. 258. This 
specimen represents a section of a 
2-inch shafting that was subjected 
to alternations of tension and com- 
pression in which the cycle was Fie. 258.—Detailed or 
f progressive fracture showing 
repeated thousands of times. A the upper part worn smooth. 
small crack started from the base of {Pe ‘ower Part shows the 
a V-thread and gradually penetrated 
into the shafting. Gradually, the usefulness of the 
cross section of the shafting decreased, until finally a point 
was reached at which so much of its usefulness had been 
destroyed that what remained as sound material was 
unable to withstand the final load applied. This part 
of the section, the lower part in Fig. 258, broke suddenly. 
The part of the shafting that appears smooth, owing to the 
constant rubbing of the fractured surfaces, the upper part 
in Fig. 258, represents the part of the section that failed 
gradually or progressively, while the granular part repre- 
sents the sudden fracture. A microscopic examination 
showed the same structure over the entire cross section. 
The prevalent idea that steel crystallizes when subjected 
to alternations of stresses should be dismissed. 
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The list of etching reagents (p. 285) contains the formulas 
of the important macroscopic etching reagents. To this 
list should be added Fry’s reagent, which has been used to 
bring out strain lines in mild steel. The formula and the 
method of using as advocated by Fry are as follows: 


Concentrated hydrochloric acid....... 120 cubic centimeters 
W aberss xc ect ater eee eee 100 cubic centimeters 
Copper chloride (crystallized). ....... 90 grams 


The specimen is first heated at 200°C. and is then rubbed 
with a cloth moistened with the solution and dipped in 
powdered copper chloride. The specimen is dried without 


Fic. 259.—Strain lines (lighter V-shaped areas) on an improperly treated broach. 
Not etched. 


rinsing in water, washed in alcohol, and again dried. The 
etched pattern consists of dark and light bands. These 
lines have been obtained only in mild steel and not on all 
mild steel with the same distinctness. The authors have 
used this solution according to directions but with little 
success. Jevons' has obtained excellent results by using 
this reagent with certain modifications in manipulation. 


1 Journal of the Iron and Steel Institute, No. 1, 1925. 
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From his results, it would appear that, by subjecting suit- 
ably prepared specimens to a preliminary low-temperature 
annealing, followed by a prolonged etching, strain-etch 
figures may be produced on many, but not all, steels. 
Beyond the fact that a fairly low-carbon content is appar- 
ently essential, no connection has as yet been shown 
between the chemical composition of steels and their 
ability to strain etch. Provided that permanent deforma- 
tion has occurred, the actual degree of distortion has but 
little influence on the quality of the markings. Figure 259 
shows strain lines on the fractured surface of a broach 
made from high-speed steel, improperly hardened and 
carelessly ground. It is an unusual case, as this specimen 
was not etched. 

Macro-etching with Acids.—The macro-etching of steels 
with acids is frequently used in industry to reveal the 
structure for visual inspection. The most commonly used 
solution is one containing equal volumes of hydrochloric 
acid (sp. gr. 1.20) and water. A temperature of 160°F. is 
recommended.! A vigorous reaction takes place at this 
temperature without excessive evaporation of the solution. 
A mixture of 40 parts by volume of hydrochloric acid, 
10 parts of sulphuric acid, and 50 parts of water may be 
used also to give satisfactory results. The time of etching 
depends on the type of steel and should be determined in 
order that all of the details will be revealed without the 
general destruction of the surface that will take place on 
prolonged exposure to the hot solution. 

Unfinished or coarsely finished surfaces can be etched for 
the detection of surface defects such as seams, laps, grinding 
checks, etc. A machined surface is commonly used 
although a ground or polished surface free from tool marks 
is to be preferred for etching to reveal the general structure. 
After etching, the specimen is washed and freed from the 


1 “Recommended Practice for a Standard Macro-Etch Test for Iron and 
Steel,’ National Metals Handbook, 1933 ed., p. 639. 
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dark deposit by scrubbing with a stiff brush, after which 
it is dried. } 

Figures 260 and 261 show the effects of the macro-etch 
on steel specimens representing two different lots of steel. 


a 


Fia 
quality. 
of hydrochloric acid. 
size. 


260.—Steel of satisfactory 
Etched with 50 per cent 
Three-fourths 


Macro-etching with acids 


b 
Fic. 261.—Steel of unsatisfactory 
quality. Etched with 50 per cent 
of hydrochloric acid. Three-fourths 
size. 


can also be used to reveal 


grinding checks that are not visible unless subjected to such 
action. Figure 262b shows grinding checks in a chuck 
jaw as shown after etching with a hot solution of 50 per cent 
hydrochloric acid. These grinding checks were due to the 


a ; b 
Fia. 262a and b.—Grinding checks shown by acid etch. 


grinding of material that had been hardened but not 
tempered. The localized heating produced in grinding is 
sufficient in many cases to add additional stresses to material 
that is already in a highly stressed condition as the result 
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of hardening; the grinding checks are produced in this way. 
The careless grinding of properly heat-treated material may 
also produce these checks. This grinding may be faulty as 
the result of the use of grinding wheels that are too hard for 
the purpose or that are glazed, or because of the attempt to 
remove too much stock at one time. The faulty grinding 
of material that has been improperly hardened and tempered 
so that hardening stresses are present in the material may 
cause grinding cracks. 

Detection of Cracks.—The roughly polished specimen is 
magnetized and then immersed in a light oil containing 


Fia. 263.—Quenching cracks in ball race revealed by magnaflux method. 
(De Forest.) 

iron dust in suspension. Kerosene and cast-iron mud, 
such as is obtained from lapping disks, may be used. The 
iron particles bridge any slight discontinuity in the surface 
of the specimen and indicate accurately the system of 
surface cracks. The excess of iron rust must be removed 
by bathing the specimen in alcohol or clean kerosene. 

The same method is used industrially and is known as the 
‘‘Magnaflux”’ method. The part is magnetized and then 
dusted with a special iron powder or covered with a suspen- 
sion of the powder in a liquid such as carbon tetrachloride. 
When the part is tapped or shaken, the powder falls off 
unless a crack or a seam is present. Where such defects 
are present, they will be outlined by the powder and are 
made plainly visible. The appearance of a ball race 
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possessing quenching cracks is shown in Fig. 263. No 
cracks were visible before the treatment. 

Sulphur Printing.—Printing paper having a matte finish 
is soaked in a 2 per cent solution of sulphuric acid, and then 


a b c 
Fig. 264.—The chisel at the left is satisfactory. The two at the right show 
“thumb-nail”’ cracks. (Nicholds.) 


placed on a glass plate. The steel specimen is gently 
pressed upon the paper and then removed after about 30 
seconds. The print is washed in water and fixed in acid 


Fie. 265.—Hardening crack starting in the base of the numeral 1. 


hypo in the usual way. Sulphide areas are indicated by 
brown spots (see Figs. 240 and 241). 

Many types of failures, other than those just described, 
have been found in steel. Some of these are shown in Figs. 
264 to 269. Figure 264 illustrates thumb-nail cracking 


THE MACROSCOPIC EXAMINATION OF STEEL 215 


Fic. 267.—Magnet steel cracked by acid pickling after hardening. (Nicholds.) 


Fic. 268.—“ Fish-scale’’ fracture in a high-speed steel, hardened twice without 
intermediate annealing, 
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which may be caused by: (1) free cementite; (2) severe 
cold forging; (3) drastic hardening. a shows the sound 
forging while b and c illustrate the defects. Figures 265 
and 266 show the connection between mechanical condition 
and hardening. Figure 265 is the photograph of one of a 
series of pieces, all of which cracked on hardening, the crack 
passing through, and probably originating in, the deeply 
stamped base of the numeral ‘‘1.’’ Figure 266 shows harden- 
ing cracks starting at the sharp corners of an incorrectly 
designed spline shaft. Figure 267 shows 
a magnet that has been strained in 
hardening and then cracked by the 
pickling operation. Figure 268 illus- 
trates the fish-scale type of fracture. 
This was found in a high-speed tool 
that had been hardened and _ later 

Fie. 269-—-Fractare yehardened withous! wi internnedinin 
due to formation of f : 
graphitic temper carbon annealing. Figure 269 is the macro- 
pine conte. graph of a broken die of high-carbon 
steel. The failure in this case was due to the separation 
of free carbon in the form of temper carbon. 

The macroscopic examination of steel in the hands of an 
experienced metallographer is of the utmost value, but in 
this field of investigation, more than in almost any other, 
carelessness in manipulation and misinterpretation of sur- 
face appearances may lead to wholly incorrect conclusions. 

The deep acid etching of hardened steel is not recom- 
mended since it often shows cracks after etching that were 
not present in the original material. The test, therefore, 
should be applied whenever possible to the unhardened steel 
in order that the results obtained will not be misinterpreted. 

Preparation of Specimens.—As previously stated, speci- 
mens should be polished with No. 00 or No. 000 emery 
paper in most cases. A well-polished surface, such as for 
microscopic examination, is preferred whenever Stead’s 
reagent or that of Le Chatelier and Dupuy is used. It has 
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been found advantageous to etch the specimen deeply 
with a 10 per cent solution of ammonium persulphate after 
polishing with 1G paper and then to pass directly to No. 000 
paper before etching with the final reagent. All the speci- 
mens that were etched with Humfrey’s reagent were pre- 
pared in this manner. This procedure is convenient in the 
case of large specimens. 

In photographing deeply etched specimens, apply print- 
er’s ink to fill all of the hollows and then polish the reliefs 
with No. 000 emery paper. Excellent contrast will thus be 
obtained. Other specimens should receive a thin film of a 
light machine oil or glycerin before they are photographed. 


Macroscoric ErcH1nc REAGENTS 


STEAD’s REAGENT 


(Girqeyatiage el loid ls (er eee eee ee 10 grams 
Magnesium chloride................ 40 grams 
Concentrated hydrochloric acid...... 20 cubic centimeters 
Alcohol, sufficient to make.......... 1000 cubic centimeters 


Dissolve salts in smallest possible quantity of hot water 
(about 25 cubic centimeters), then add the acid and the 
alcohol. 

Cover the specimen with a thin layer of the reagent. 
Shake off the layer of liquid after it has acted for about 1 
minute and replace it with a fresh portion of the acid 
mixture. Repeat the operation until the desired results 
have been obtained; then wash first with hot water and, 
finally, with alcohol. Copper will deposit first on the phos- 
phorus-free areas, so that the light areas represent phos- 
phorus segregation. The specimen should be well 
polished. If the deposit becomes discolored, it may be 
brightened by rubbing briskly with a dry swab of cotton. 


Le CHATELIER AND Dupuy REAGENT 


C@uprerch onidecenemecry se sta oe 1.0 gram 
PICEICTA CIC eet eel ae eae 0.5 gram 
ANCRTOS” cots G day Ghee ME IC roe 10.0 cubic centimeters 
Concentrated hydrochloric acid.... 1 to 2 cubic centimeters 


PAN COROT ieges ee ees Re cranes ek. Fa5a a a 100.00 cubic centimeters 
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Use in same manner as Stead’s reagent. Copper will 
deposit on the oxide-free or phosphorus-free areas first. 


CANFIELD’s REAGENT 


Nickel mitraternantesocce Merce anes 5.0 grams 
@upric chlorides... 2.40.9 ae eee 1.5 grams 
Herrigichloridet 0) settee ane 6.0 grams 
LOG Waterers. usecth ert eae eee 12.0 cubic centimeters 
Methyalcoholece 0 ates 150.0 cubic centimeters 
INitricracidiuae: 8 pone ee ae eee 1.0 cubic centimeter 


Dissolve salts in the hot water, add acid and then the 
alcohol. 

Cover the specimen with the solution and allow to remain 
until the desired effects have been obtained. White areas 
represent phosphorus segregation. 

A record of the result may be obtained by soaking a 
developing paper (matte finish) in a 5 per cent solution of 
potassium ferricyanide in water, laying it face up on a 
piece of blotting paper, and then pressing the surface of 
the plated specimen against it, leaving it there for about a 
minute. The paper is then rinsed, fixed, and washed as 
usual. The areas that were not plated represent phos- 
phorus segregation and will be recorded blue. 

Heyn’s REAGENT 
Copper-ammonium chloride.......... 10 grams 
NE Pees eRe at RE A RCeY kent, oc 100 cubic centimeters 


Immerse the roughly polished specimen in the solution, 
polished surface up. Care must be taken that the solution 
quickly covers the surface. Gently agitate the liquid. A 
coating of spongy copper forms over the face of the speci- 
men. Remove this coating with a swab of wet cotton. 
High carbon, sulphur, and phosphorus areas will be 
darkened as a result of the etching, 


HuMrrey’s Reagent 
Copper-ammonium chloride......... 100 grams 
Concentrated hydrochloric acid... ... 50 cubic centimeters 


Waters ee sk ie Gh par at 1000 cubic centimeters 
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Polish specimen with No. 00 or No. 000 emery paper. 
Cover the specimen or immerse it in the neutral solution 
(Heyn’s reagent) until a spongy deposit of copper has been 
obtained. Without removing this copper deposit, pour 
on Humfrey’s reagent. Add fresh portions from time to 
time. If Humfrey’s reagent is used directly without the 
preliminary treatment with Heyn’s reagent, a copper coat- 
ing will be obtained that adheres firmly to the specimen and 
produces unsatisfactory results. 

Additional information concerning etching solutions for 
macroscopic examination is given in the appendix. 


CHAPTER VI 


LABORATORY METHODS 


In the study of alloys and in the construction of their 
diagrams, one of the most important factors to consider is 
the succession of heat changes that take place when the 
molten material passes into the completely solid state. 
In a few instances, notably in the cooling of steel, changes 
of great importance take place below the point of solidifica- 
tion of the alloy so that it is necessary in special instances 
to follow the cooling to very low temperatures. A study 
of these thermal changes necessarily involves three factors: 
(1) a method of melting the mixed metals; (2) a container 
in which the metals can be melted; and (3) an apparatus for 
measuring temperatures, especially temperature changes. 

In order to study the heat changes that take place in 
alloys with low melting points, a convenient form of 
apparatus consists of a tube for holding the mixture of the 
metals in the form of chips, clippings, or drillings, a sand 
bath for insuring uniform and gradual heating of the tube, a 
suitable source of heat, and a thermometer (suitable for 
alloys with low melting temperatures), or a thermocouple 
in conjunction with a millivoltmeter or potentiometer. 

The material and the shape of the container for the mix- 
ture of metals depend on the temperature at which the 
alloys melt, the properties of the melted alloys, and the 
shape of the furnace. For alloys with a low melting point 
(less than 700°C.), hard-glass tubes are useful as the filling 
of the tube and the adjusting of the temperature-measuring 
instrument can be watched. Tubes of porcelain or fused 
quartz are needed for alloys that melt above the softening 


point of glass. Thin-walled tubes of unglazed porcelain 
220 
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may be used for almost all metals. In a few instances, 
where the metal forms an oxide that is highly reactive 
chemically (e.g., chromium oxide or manganese oxide), 
it may be necessary to use the much more fragile magnesia 
tubes. Fortunately, this expedient is seldom necessary. 

A convenient size of container for the sand may be made 
from a steel tube about 5 inches long and from 214 to 4 
inches in diameter. This container can be made quite 
readily by threading one end of a short piece of steel pipe 
and screwing on a cap. The open end is fastened to a 
triangle of heavy iron or chromel wire so that the tube may 
be suspended over a burner by means of a ring and stand. 
The source of heat may be one or more Tirrel or Meker 
burners or, for very high temperatures, a blast lamp. 
Different types of furnaces may also be used for heating 
the sand containers. 

The metals of which the alloy is to be made are weighed 
in the desired proportions and are generally mixed before 
they are introduced into the tube. In exceptional cases, 
it may be necessary to melt the less volatile component 
first, adding the more volatile metal in successively small 
amounts. The weight of material is determined by the 
accuracy desired in the final results. As a laboratory 
experiment or for a preliminary survey of the field to 
determine the general shape of the equilibrium diagram, 
20 to 30 grams of the mixture will be sufficient. It must 
be emphasized, however, that, where great accuracy is 
required and where slight heat changes are to be detected, 
the amount of material must be greatly increased, often 
up to 400 or 500 grams. Since the metals used should be 
of great purity and are therefore expensive, it is seldom 
desirable to experiment with such large amounts of material. 

There is sometimes a marked tendency for molten metals 
to separate into layers, especially if they differ considerably 
in specific gravities and mix with difficulty or not at all. 
In such cases, the liquid mixture must be stirred during the 
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course of the experiment. This can usually be done by 
means of a glass or porcelain rod having a circular bend 
at the bottom through which the thermometer or other 
temperature-measuring device can pass. This rod is 
moved slowly up and down during the cooling of the molten 
alloy. 

It is necessary in all cases to protect the metals during 
the melting and during the solidification from the oxidizing 
effect of the air. In some instances this may be done by 
covering the surface with powdered charcoal, but it is 
usually more effective to melt the metals in an inert gas. 
Hydrogen, carbon dioxide, nitrogen, and argon have been 
used for this purpose. The gas passes from the generator 
or container into the melting tube through the bent glass 
or porcelain tubing. As a safety measure, if hydrogen is 
used, it is best to pass the gas through a small drying 
tube containing a number of disks of wire gauze. The 
gauze will cool the gas so that the danger of igniting the 
hydrogen in the generator or storage tank is eliminated. 

The oxidizing effects are slight with the low-melting 
metals protected in this manner, so that it may be assumed 
that the composition of the resulting alloy is the same as the 
composition of the mixture from which it was made. This 
is not the case with easily oxidizable metals with high 
melting points, even under the most favorable conditions, 
so that the final composition of the alloy should be deter- 
mined by chemical analysis. 

Weight and Atomic Percentages.—In all industrial alloy 
work, and for most laboratory purposes, the metals are 
mixed according to their percentages by weight of the total 
amount of material used. It has been shown that some 
metals form intermetallic compounds. In this case a 
system based on the atomic relationships is more con- 
venient. For example, a compound of tin and magnesium 
containing 70.95 per cent tin by weight is known. This 
percentage composition gives no indication of the relation 
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of the atoms in the compound. If, now, the composition 
is indicated in atomic per cent, it will be found to be 33.33 
atomic per cent tin and 66.66 atomic per cent magnesium, 
showing at once that the formula is SnMg». The follow- 
ing expression shows the method of converting weight 
percentage into atomic percentage: 


A = atomic weight of first metal 
B = atomic weight of second metal 
p = weight percentage of A 
gq = weight percentage of B 
Then 
100 
Atomic percentage of A = =e 
P+ ae 
and 
A 
100¢R 
Atomic percentage of B = oeare7 
P+ ap 


Measurement of Temperature Changes.._A mercury 
thermometer will serve for the measurement of temperature 
changes in alloys melting at low temperatures, such as those 
of sodium, potassium, or the amalgams. Almost all alloy 
work, however, requires higher temperatures than can be 
determined in this manner, and some form of pyrometer is 
required. Many pyrometers of different kinds are avail- 
able. One of these instruments will be considered as it 
illustrates the general method of use, and the principle 
may be applied with slight variation to any of the other 
pyrometers. 

If two wires of dissimilar metals are joined at one end, 
and if this junction is put into a furnace while the other 
ends (cold junction) are connected to a sensitive voltmeter 
or ammeter, the instrument will show that the temperature 
difference is causing an electric current to flow in the 
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metallic circuit. The two wires form what is termed a 
thermocouple. The cold ends of the thermocouple, called 
the cold junction, are usually connected by flexible leads 
to the indicator. The circuit should be so arranged as to 
give a reading on the indicator that will show the electro- 
motive force as a function of the temperature of the hot 
junction only. Since the indicator is dependent on the 
electromotive forces at both the hot and the cold ends of 
the couple and since the forces at these points depend on 
the temperatures of the two junctions, the temperature 
of the cold junction must also be taken into account in the 
final reading. Two wires, one of which is copper and the 
other a copper-nickel alloy (constantan), may be used for 
measuring low temperatures to 500°C. Iron-constantan 
is used for slightly higher temperatures to 950°C. A 
thermocouple made of two alloys, aluminum-nickel (alumel) 
and chromium-nickel (chromel), may be used for still 
higher temperatures to 1000°C., while for temperatures up 
to 1650°C. a rare-metal couple, one wire of which is plati- 
num, the other an alloy of platinum and rhodium or 
platinum with iridium, is required. The two wires forming 
the couple must be insulated from each other by a protec- 
tive tube of glass, quartz, porcelain, or other refractory 
material. This may be done also by wrapping one wire 
with asbestos thread or by encasing it in short lengths of 
capillary tubing of quartz or porcelain. 

The recording instrument gives, either directly or 
indirectly, the temperature difference between the hot and 
the cold junctions of the thermocouple. The cold ends may 
be inserted in a jar where they are kept either at constant 
temperature or at some convenient temperature which 
may be determined from time to time and which will not 
vary more than a few degrees during the experiment. A 
convenient arrangement is to pass these wires through a 
stopper into a vacuum bottle. If ice is kept in the con- 
tainer during the experiment, no correction for the tem- 
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perature of the cold junction is necessary. Otherwise, a 
correction must be made. 

The instrument on which the temperatures are read is 
either a millivoltmeter or a potentiometer. Most of the 
millivoltmeters recommended for temperature work of this 
character are provided with two scales, one of which reads 
millivolts, and the other temperatures directly, either as 
degrees Centigrade or Fahrenheit. The temperature scale 
may be used with only a single pair of metals. Even then 
the reading varies somewhat with continued use of the 
thermocouple, so that, except for commercial work, the 
millivolt scale is almost always used in spite of the obvious 
advantages of a direct temperature reading. 

Calibration is necessary in order to establish the relation- 
ship between the millivoltage as read and the temperature 
to which it corresponds. This can be done most simply by 
determining the millivoltages corresponding to the melting 
points of a series of pure substances and then constructing 
a plot, using the known temperatures as ordinates and the 
corresponding instrument readings as abscissas. The 
following list of pure substances with melting or boiling 
points is given for convenience, but any materials having 
definite melting points at suitable intervals may be used. 


Pure Substances Degrees Centigrade 
Water | By one colon ech eee. eee eens ican eee Ma 100.0 
Tin ME Ort eC RE ore ae aie SORE) SOLO 
SMifolarwue: 7 Depjaye Anteeray Seabees pe Ao ae ey Ree an ty ae 444.5 
ESI) DIA O Mts Deer tad teed ombyias. ate\ suse = we eyien eee 630.5 
Silver TD yee et SA aE URS err oath aoe Ee a OU SO 
CODDCIMERIL eerrerter eee These rts deer, LOSE. O 


In locating the freezing points of the substances used in 
the calibration, it is convenient to follow the same pro- 
cedure that is followed later in studying alloys themselves. 
The pure substance, tin, for example, is heated until it is 
completely melted. The source of heat is then removed, 
and the molten material is allowed to cool slowly. Tem- 
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perature, or millivoltage, readings are now taken at definite 
time intervals. If the temperature is high and is falling 
rapidly, intervals of 5 seconds are allowed between each 
consecutive reading of the millivoltmeter scale. When 
the cooling rate is normal (about 5 to 10° per minute), an 
interval of 10 seconds between readings will show any 
material changes in the cooling rate. At low temperatures, 
when the difference in temperature between the alloy and 
its surroundings is small, the cooling will be so slow that a 
much less frequent reading of the instrument is required. 
The frequency of readings is a question of judgment, but 
10 seconds between readings may be taken as a reasonable 
interval. If the millivoltages are now plotted as ordinates 
and the time intervals as abscissas, a curve will be obtained 
showing a horizontal break at that millivoltage correspond- 
ing to the freezing point of the material in question. 
This horizontal line, which indicates not only the tempera- 
ture of solidification but also the time taken for the material 
to solidify, varies in length with the amount of material 
used and with its latent heat of solidification. The con- 
stancy of this interval under the same conditions makes its 
determination of great value in making the alloy diagrams. 

Various types of millivoltmeters are in use, some direct 
reading, some of the mirror type in which the deflection is 
magnified by reflecting a beam of light on a scale at some 
distance from the instrument, and still others of the record- 
ing type. Whichever instrument is used, the generai 
method of study consists in establishing a connection 
between the temperature changes and the intervals of time 
during which these changes occur. Instead of using a 
millivoltmeter as a temperature-measuring instrument, a 
potentiometer may be used. This instrument measures 
the millivoltage without permitting any electric current to 
flow in the line or in the thermocouple. This is done by 
balancing or opposing the electromotive force of the thermo- 
couple with part of the electromotive force of a small 
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battery, usually a dry cell. One of the disadvantages of 
the millivoltmeter is that a new calibration is required 
whenever the resistance of the leads and of the thermo- 
couple changes. Such a condition does not exist with a 
potentiometer. Furthermore, automatic  cold-junction 
compensation is usually provided in the case of the latter 
instrument. 

Having considered the various factors involved in the 
study of the temperature changes taking place when an 
alloy is cooled, it may be helpful to summarize these 
factors in a brief description of an actual melting operation. 
The metals XY and Y are weighed, preferably in a finely 
divided condition, such weights of the metals being taken 
as will produce an alloy of the required composition and 
in such amounts that the total weight will be 20 to 30 grams. 
This mixture is then placed in the container, which is 
embedded in the sand in the furnace tube. The stirring 
rod, the gas intake tube, and the thermocouple protector 
tube pass through a cork stopper or a suitably perforated 
brass cap. The insulated wires pass to a constant-tem- 
perature bottle (omitted when a potentiometer is used) 
and then, by copper leads, to a millivoltmeter or a potenti- 
ometer. Heat is applied to the sand bath and the metals 
are melted, after which the thermocouple tube and the 
stirring rod are introduced. The heat is then shut off and 
the instrument is read at definite time intervals until all 
the heat changes have taken place and the solid alloy is 
cooling at a uniform rate. The readings are carefully 
recorded. In the study of a binary (two-component) 
alloy, this operation is repeated with a series of metal 
mixtures of varying compositions. If the nature of the 
equilibrium curve is wholly unknown, mixtures are 
generally taken which vary in composition by 10 per cent 
intervals from one pure metal to the other. The points 
representing the beginning and the final solidification of 
these alloys, with those representing the freezing points 
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of the pure metals, will usually indicate the general shape 
of the equilibrium diagram. The necessary number of 
additional mixtures can be selected for study in the vicinity 
of the more essential points such as eutectics, intermetallic 
compounds, or other characteristic features suggested by 
the preliminary survey. In simple cases, a very few 
additional mixtures will give all of the necessary informa- 
tion, while in the more complex alloys 40 or 50 points are 
sometimes necessary to establish the diagram. 

Plotting the Cooling Curves.—Various methods of 
plotting the experimental results are in use. Of these 
methods, the simple time-temperature curve is used more 
frequently than any other, although the inverse-rate curve 
has decided advantages when the heat effects are small. 
In this latter method, the ordinates represent the tem- 
peratures as in the simple cooling curve, but the abscissas 
represent the reciprocal of the rate of cooling, 7.e., the time 
necessary for the temperature to fall through a definite 
small interval, for example, 5 to 10°. 

The detection of the critical points in steel, where only a 
small amount of heat is evolved or absorbed, requires a 
method in which the rate of heating or cooling is not affected 
by outside influences. In cooling, for example, the tem- 
perature of the metal at the critical point will be affected 
by the cooling of the furnace and by the evolution of heat 
at this point. The cooling in the furnace will tend to 
decrease the magnitude of the critical point while the evolu- 
tion of heat will tend to increase it. If the former pre- 
dominates, there will be a tendency to mask the critical 
point. 

The use of a neutral body in conjunction with the 
material under test is resorted to in order to eliminate 
these objectionable influences. A double thermocouple is 
used, one for each metal and so connected as to record the 
difference in temperature between the two. This tempera- 
ture will be the same at all points except at the critical 
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points, provided that the two materials have the same heat 
capacities and emissivities. Since the neutral body invari- 
ably differs from the test specimen with respect to these 
properties, a temperature difference will always be present 
between the two and the critical points will be indicated 
by abrupt temperature differences. The curves obtained 
will reveal the existence of even faint absorptions or 
evolutions of heat. 

The neutral body should be free from transformations 
within the temperature range covered by the experiment. 
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Fic. 270.—Different types of cooling curves. (Desch.) 


Nickel, austenitic manganese steel, or 25 per cent nickel 
steel may be used as the neutral body. 

Figure 270 shows the different types of cooling curves. 
The time intervals are represented by ¢, the corresponding 
temperatures by 6, and the temperature difference between 
the test specimen and the neutral body by @6—6,. The 
curve B in the iemperature-time curve represents the cooling 
of the neutral body. In the derived-differential curve 
successive falls of temperature are plotted as ordinates and 
the corresponding rates of cooling for each degree of tem- 
perature as the abscissas. 

Constructing the Diagram.—After plotting the individual 
cooling curves, a sheet of coordinate paper of suitable size 
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is selected, and, using percentage compositions as abscissas 
and temperature arrests on the cooling curves as ordinates, 
a diagram is constructed as indicated in Chapter I. The 
relative lengths of any horizontal lines that may be found 
in the set of temperature- 
time cooling curves is next 
determined. These time lines 
are also plotted as an inde- 
pendent but closely associated 
part of the diagram. 

Preparation and Micro- 
scopic Examination of the 
Polished Alloys.—The proper 
preparation of a specimen for 
microscopic examination ne- 
cessitates the production of 
a flat surface free from 
scratches. 

The selection of a represent- 
ative sample is of paramount 
importance. Obviously, the 
sample should be character- 
istic of the material that is 
to be examined. Where a 
material has failed in service, 
it is important that a sample 
be taken near the failure 
and another at some distance 
from it for comparison. A convenient size is one about 
lg to 1 inch square or round and 44 inch long. 

Specimens may be obtained by cutting them off with a 
hack saw or power hack saw. Materials that are too hard 
to be sectioned in this manner may be cut with an emery 
or a carborundum disk or fractured with a hammer. 

Considerable difficulty is experienced in the polishing 
of small irregularly shaped specimens. A press to make 


Fie. 271.—Bakelite mounting press. 
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possible the ready mounting of such specimens in bakelite, 
together with the technique of the subsequent polishing 
and etching, has been described by Krause! and Oesterle. 
Bakelite is an ideal mounting medium for specimens that 
are not affected by pressure or heat up to 355°F. Figure 
271 shows a press” suggested by Oesterle for mounting 
specimens in bakelite. It gives excellent results. Figure 
272 shows several mounted samples. 


Fic. 272.—Specimens mounted in bakelite. 


Lucas’ has described the microtome method of section- 
ing for the preparation of soft metals for microscopic 
examination. 

A longitudinal section is often preferred to a trans- 
verse one, especially when a study is to be made of the 
general quality of the material and of the effects of mechani- 
eal work. Both transverse and longitudinal sections 
should be examined in many cases. 

Sections of wire and sheet metal may be conveniently 
mounted in bakelite as mentioned above or in a fusible 
alloy of low melting point, such as Woods or Rose metal, 
by pouring the molten alloy around the section properly 
placed in a mold, a round metal tube, a malleable iron cap, 
or some other suitable receptable. Pinch cocks that are 


1 Krause and Oxsrerus, ‘Press and Technique for Mounting Small 
Specimens,” Metal Progress, 24 (1933). 

2 Manufactured by Wilkens-Anderson Company, Chicago, III. 

3 Lucas, F. F., ‘“‘Microtome Methods for Preparation of Soft Metals for 
Microscopic Examination,” Proceedings of the Institute of Metals Division, 


A.I.M.E., 1927. 
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provided with two screws such as are used by chemists are 
convenient for holding thin sections in position for polish- 
ing. A method that is frequently used is to clamp the 
specimen between two parallel steel plates about 2 inches 
long, 34 inch wide, and 14 inch thick, which are bolted 
together at the two ends. The specimen is ground and 
polished even with the steel plates. In every case, the 
aim should be to prevent rounding of the edges of the 
specimens. A great deal of time is saved if the specimen 
is kept as small as possible, though still representative of 
the material to be examined. 


Fie. 273.—Belt grinder for rough grinding. (Leitz.) 


The grinding may be done on two wheels, a medium wheel 
and a fine one. Number 40M and 100M Aloxite wheels, 
respectively, have been found suitable for this purpose. 
The specimen is then further polished by the use of emery 
paper. Endless emery belts supported on a machine shown 
in Fig. 273 are very convenient. The manufacturers 
supply belts of varying degrees of fineness for this purpose. 
This operation is followed by the use of suitable emery 
paper of grades Nos. 1, 0, 2/0 and 3/0, respectively.} 
The use of one or more of these papers may be omitted, 
depending on the fineness of the final belts used and on the 
character of the specimens. In each step of the polishing 


* These are the number designations used by Behr-Manning, Troy, N. Y 
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operation, the specimen should be held in such a manner that 
the new polishing scratches will be at right angles to those 
produced in the previous operation. The polishing should 
be continued until all of the previous scratches have been 
eliminated. 

Proper care in the rough polishing will save much time 
in the fine polishing. The specimen, in every case, should 


\ i. LL UL ea 
7, 


Fig. 274.—Polishing machine. Warner and Swasey type. (Chemical Rubber 
Company.) 


be cleaned by wiping or washing before passing from one 
polishing operation to the other. 

Hand polishing may be used in the final stages by apply- 
ing the suspensions of the abrasives to the polishing cloths, 
which have been stretched over wooden blocks. Mechani- 
cal polishing, however, is almost universally used. The 
types of polishing machines that are most commonly used 
have polishing disks that revolve either vertically or hori- 
zontally. A machine of the horizontal type is shown in 
Fig. 274. Automatic polishing machines are also available. 


234 PRINCIPLES OF METALLOGRAPHY 


The speed should be adjustable since a slow speed is pre- 
ferred whenever soft metals or alloys are to be polished. 

The first disk is covered with 12-ounce duck; while 
broadcloth and chiffon velvet or kitten’s ear cloth are used 
on subsequent disks. If three disks are used, the order 
of the polishing cloths are 12-ounce duck, broadcloth, and 
finally chiffon velvet or other suitable material. 

A suspension of No. 500 or No. 600 carborundum or 
65F alundum in water is used on the canvas. A suspension 
of the coarse alumina that is separated from the fine par- 
ticles in the preparation of the final suspension may be 
used on the second disk, which is covered with broadcloth. 
A suspension of carborundum No. 600 may be used instead. 
A suspension of levigated alumina or rouge, preferably the 
former, is used on the final disk, and the specimen is held 
lightly until all of the remaining scratches have been 
removed. The specimen may be moved from the center 
to the periphery of the disk and then back, or it may be 
rotated in the opposite direction to that taken by the disk. 
Instead of purchasing the expensive levigated alumina, 
a less expensive brand may be used and a fine suspension 
obtained by shaking with water, allowing to stand 1 hour, 
and then siphoning off the fine suspension. The addition 
of a small quantity of soap to this suspension may serve 
as an aid in the polishing operation. It serves as a lubricant 
and holds the fine particles in suspension. The alumina, 
which settles to the bottom of the bottle before the siphon- 
ing of the fine suspension, may be shaken with water and 
siphoned off after allowing it to stand for a short time; 
this may be used on the disk preceding the one used in the 
final operation. The specimen, as well as the hands of 
the operator, should be thoroughly washed after each 
polishing operation in order that none of the abrasive may 
be transferred to the subsequent disk. 

Specimens that are difficult to polish may be properly 
finished, etched, repolished with a very light suspension 
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of alumina, and finally re-etched. Superficial scratches 
may be removed in this manner. 

The proper polishing of a specimen cannot be over- 
emphasized, since polishing pits may be erroneously inter- 
preted as inclusions. Figure 275 shows polishing pits, 
while Fig. 276 shows this same surface after it has been 
properly polished. 


Fic. 275.—Improperly polished Fic. 276.—Specimen shown in Fig. 
specimen showing polishing pits. 275 after correct polishing. 

Mag. 100 X. 

Specimens to be photographed at high magnifications, 
together with aluminum and its alloys, may be polished 
according to the following method: 

The specimen may be rendered plane by rubbing down 
on an oil stone. A solution of paraffin in benzol or a light 
oil should be poured onto the emery papers before using. 
The specimen should be freed from oil by means of xylol 
or other suitable solvent. The specimen is then transferred 
to the polishing disks, the final polishing being done with 
magnesia free from carbonate on a cloth known as kitten’s 
ear. Chiffon velvet may be used also but it is not so 
satisfactory. The magnesia should be dusted onto the 
cloth and then made pasty by the addition of distilled water. 
The paste is thinned by the gradual addition of distilled 
water during the polishing. The use of a finger In preparing 
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the paste will give evidence as to the presence or absence of 
gritty particles which should be removed at this stage if 
present. Too great a speed of the disk should not be used. 
The polishing cloth should be freed finally from the abrasive 
by washing first with water and then with a dilute solution 
of hydrochloric acid to remove the magnesia so as to prevent 
the formation of magnesium carbonate. The cloth should 
be placed in a jar or wide-mouthed bottle containing dis- 
tilled water, to which has been added a small amount of 
acid, until it is to be used again. Only the best quality 
magnesium oxide should be used, together with distilled 
water, since the presence of magnesium carbonate will give 
unsatisfactory polishing results. An intermediate polishing 
with alumina on broadcloth between No. 000 emery paper 
and the final operation is sometimes sufficient. 

The use of dry polishing methods has been advocated 
by a number of investigators. Urban! and Schneidewind 
recommend the following cycle of operations to retain 
graphite and inclusions: (1) very light grinding on a fine 
wheel; (2) polishing on a leather wheel (glued sheepskin 
wheel such as used by electroplaters, 8-inch diameter with 
a l-inch face, running at 1750 r.p.m.) charged with “‘stain- 
less steel buffing compound,”’ which is a mixture of alumina 
and pumice cast in a stearic acid base; (3) polishing on a 
leather wheel or on a disk covered with billiard cloth, 
charged with “chromium plate buffing compound,” which 
is alumina cast in a stearic acid base. If the disk is used, 
water is dropped on sparingly; (4) polishing on a disk 
covered with billiard cloth and charged with jeweler’s rouge 
cast in stearic acid as above. A somewhat similar method 
is recommended by Dowdell? and Wahll. Grinding is 
done on 8-inch steel disks on which mixtures of paraffin and 


1 URBAN and SCHNEIDEWIND, “Dry Polishing Will Retain Graphite 
Inclusions,’’ Metal Progress, 22 (1982) 

2 DowpELt and WaAdHLL, “ Metallographic Grinding with Paraffin Impreg- 
nated with Abrasives,” Metal and Alloys, 4 (1933). 
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abrasive have been allowed to solidify, after which the 
polishing is done successively with 150-mesh carborundum 
and 400-mesh alundum bonded with paraffin. The prepa- 
ration of cast-iron specimens has been outlined also by 
Vilella.!| The procedure is to polish in the usual manner 
up to No. 000 emery paper. This paper is smeared with 
soapstone or graphite before using. The wet polishing is 
done on the silk side of a heavy satin cloth, using alumina 
or magnesium oxide. Prevention of the dislodgment 
of the graphite flakes in cast iron is accomplished by this 
polishing procedure. 

The specimen should be thoroughly washed after the 
final polish and then dried with either a soft cloth or lens 
paper or, preferably, by means of an air blast after washing 
with alcohol. The polished and dried surface should not 
be touched with the fingers. 

The observer should acquire the habit of always examin- 
ing the unetched specimen with the microscope. Non- 
metallic inclusions, graphite in cast iron, temper carbon 
in malleable cast iron, besides flaws and cracks, may be 
detected before etching. 

The structure of the metallic matrix is generally shown 
by etching the polished surface. Etching solutions are 
used which attack some of the constituents to a greater 
extent than others or leave some constituents unattacked. 
Relief polishing may cause the hard constituents to stand 
in relief so that the structure of the polished surface may be 
examined without etching. The hard constituents in 
Babbitt may be revealed in this manner although etching 
will produce greater contrast between the matrix and the 
hard particles. 

Polish attack is a method of developing the structures 
of certain metals or alloys in which the etching reagents 
are added with the final abrasive. Copper may be pre- 
pared by this method by polishing on parchment on a 

1 Metals and Alloys, 3 (1932). 
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wooden support. The parchment is first moistened with 
water and then with dilute ammonia and ignited magnesia. 

Electrolytic etching is performed by passing a weak 
electric current through a suitable electrolyte in which the 
specimen to be etched is made the anode and a piece of 
platinum, aluminum, or other suitable metal is made the 
cathode. The electrolytes used may be weak acids, weak 
alkalis, ammonium molybdate, sodium thiosulphate, etc. 
Adcock! has described this method of etching in con- 
siderable detail. 

Heat tinting is the method used for producing temper 
colors on the polished surfaces of specimens by heating 
them in air until the surfaces are oxidized. The carefully 
cleaned specimen may be heated on molten tin at about 
300°C. In this manner, phosphorus-rich areas in steel 
were studied by Stead. These areas became blue in color, 
whereas the remainder of the surface was colored a reddish 
brown. It is of great importance that the surface of the 
specimen should be carefully cleaned before heat tinting. 
Tron carbide in white cast iron colors deeper than iron 
phosphide. Cu;P may be distinguished from Cu,Sn in 
bronze as the phosphide becomes blue, whereas the Cu,Sn 
becomes yellow on heat tinting. 

The list of the etching reagents for the microscopic 
examination of both nonferrous and ferrous alloys as tabu- 
lated by the American Society of Metals is given in the 
appendix. The reagents that have been found most satis- 
factory for etching the various materials described in this 
book are given in conjunction with the photomicrographs. 

The specimens after etching should be carefully dried 
before examination. This may be accomplished by washing 
the specimen with hot water and then immersing in alcohol 
and finally drying by holding the specimen in front of an air 
blast or by wiping with a piece of linen, absorbent cotton, or 


1 Apcock, J. Inst. Metals, 26 (1921), 361. 
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lens paper. Immersion in absolute alcohol before drying 
is desirable for specimens that stain readily. 

A specimen to be examined microscopically must be 
mounted in a plane that is accurately perpendicular to 
the optical axis of the microscope. This is accomplished 
by placing the specimen on a mass of plasticine on a micro- 
scope slide or a similar slide made 
of brass and then making the sur- 
face of the specimen plane by 
means of the leveling devicesshown 
in Figs. 277 and 278. In Fig. 277, 
a glass slide is used to force the 
specimen into the plasticine con- 
tained in the brass ring until the 
polished surface is in the same 
plane as the top of the ring. 

Metallurgical microscopes’ for 
the examination of opaque speci- 


Fig. 277.—Leveling device. Fig. 278.—Leveling press. 
(Lettz.) (Leitz.) 


mens differ from those used for the examination of 
transparent objects in that the stage is movable and a 
vertical illuminator holding either a plane glass reflector 
or a prism is placed at the lower part of the tube and just 
above the objective. 

In illuminators with a reflecting prism, a total reflecting 
prism is introduced into the course of the light rays close 
to the rear focal plane of the objective. In Fig. 279, a 
narrow bundle of light rays, on entering the prism per- 
pendicular to the optical axis, is reflected and passes through 


1 Much of this discussion of the optics of metallography has been prepared 
by W. Zieler (E. Leitz, Inc.). 
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the objective. The prism covers only one-half of the cross 
section of the tube so that the other half is available for 
the formation of the image by the rays which, after reflec- 
tion from the object, again pass through the objective. 
With the prism reflector, it is possible to produce images of 
excellent contrast but with a lack of satisfactory resolving 
power, especially at high magnifications. Since the resolv- 
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Fie. 279.—Vertical il- 
lumination with reflect- 
ing prism, 


\\ 
Fre. 280.—Vertical il- 
lumination with glass- 
plate reflector. 


ing power depends upon the numerical aperture of the 
objective, as will be explained later, and since the prism, 
covering half of the tube in the rear focal plane of the 
objective, reduces the numerical aperture in one direction 
to one-half of its full value, there must be also a reduction 
in the resolving power in this direction. This directional 
lack of resolving power becomes marked, especially at high 


magnifications. This type of illuminator is used only for 
low magnifications such as 50, 75, and 100 x. 
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Resolving power and high magification are so important 
that other methods of illumination are used. Instead of 
the prism, a plano-parallel glass plate can be inserted into 
the tube. This glass plate should be inclined 45 degrees 
toward the optical axis and must cover the entire cross 
section of the tube as shown in Fig. 280. If a narrow, 
concentrated beam of light falls upon this glass plate from 
a direction vertical to the optical axis, the plate will reflect 
a small part of it, while the greater part passes through and 
is ultimately absorbed by the inside wall of the tube. 

The small reflected portion of the light passes through 
the objective onto the object. From there it is reflected 
and passes again through the objective to meet the glass 
plate a second time. This glass plate again reflects a 
small portion of the light but this time it is the part which 
passes through that is important. This portion of the light 
finally passes through the eyepiece and forms the image of 
the object. It is quite evident that with this method of 
illumination only a small part of the initial light is made 
available for the formation of the image and that this image, 
therefore, is not so light powerful as that obtainable with 
the prism reflector. Nevertheless, there are strong light 
sources available, which produce enough light to make even 
the small part used for the formation of the image intense 
enough for visual observation and for photographing. 

In comparing this method of illumination with that 
using the prism reflector, it will be noted that the entire 
aperture is available for the formation of the image so 
that the resolving power is not impaired. The images 
produced by the plane glass reflector, however, do not show 
such good contrast as those produced with the prism 
reflector. 

Increased contrast in the images produced by the plane 
glass reflector can be obtained by eliminating the center 
portion of the incoming bundle of rays. This can be done 
by means of conical illumination. An opaque circular 
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stop is introduced into the course of the rays before they 
fall on the reflector. A convex lens is placed at a certain 
distance from this stop. This lens forms a real image 
of the stop in the plane of the rear lens of the objective as 
indicated in Fig. 281. Thus the central portion of the 
rear lens is not illuminated at all. In their passage through 
the objective the rays meet other lenses which refract 
them so that they come closer and closer to the axis. At 
the same time their inclination 
increases and the internal reflec- 
tions are not so objectionable. 

After the light has been 
reflected by the surface of the 
object, it passes through the 
objectiveasecondtime. These 
image-forming rays can pass 
through the center of the ob- 
jective just as well as through 
the marginal parts and there- 
fore the entire numerical aper- 
ture of the objective is available 
for image-forming rays. 

It is possible with this method to produce images exhibit- 
ing good resolution and contrast. With conical illumina- 
tion it is possible to increase the obliquity of the illuminating 
rays without detrimental effects but with a beneficial 
increase in resolving power. 

Instead of the ring of light produced by the center stop, 
it is also possible to create an almost parallel bundle of 
rays which illuminates the object from one direction. If 
an iris diaphragm is placed in the plane of the center stop 
and if this iris diaphragm is contracted, its image will 
likewise appear in the plane of the rear lens of the objective. 
By laterally displacing this iris diaphragm it is possible to 
produce oblique illumination of any desired angle of inclina- 
tion. This procedure will likewise result in an increase 
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Fig. 281.—Conical illumination. 
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in contrast because the center portion of the rear lens is 
not illuminated. 

Every method of illuminating the object so far described 
uses the objective for the double purpose of a condenser 
and as an image-forming system. The light passes through 
the objective twice. This means that the range of numeri- 
cal aperture of illumination is always within the range of 
the numerical aperture of the objective. This principle 
may be called direct illumination because the light that is 
concentrated on the object is directly reflected and sent 
back into the objective to form the image. A perfectly 
polished plane metal mirror, when thus illuminated, will 
appear white. It is possible to arrange the illumination 
so that its numerical aperture is higher than that of the 
objective. An illuminator of this type is shown in Fig. 282. 
A large glass cube is introduced into the path of the rays. 
It is cut diagonally, polished, and cemented together. A 
ring-shaped silvered reflecting surface is provided on the 
dividing surface. The center portion of the incoming 
light is eliminated by a stop. The marginal rays are 
reflected and pass outside of the objective onto a spherical 
mirror which reflects them onto another spherical mirror. 
From there the rays converge and illuminate the object 
with an obliquity that is greater than the angular aperture 
of the objective. If the perfect mirror mentioned above 
is thus illuminated, no light passes into the objective and 
the field, therefore, appears entirely black. Light enters 
the objective only if a surface structure, owing to its 
inclination toward the plane of the object, reflects it in a 
direction within the range of the angular aperture of the 
objective. This is a case of indirect illumination. The 
background remains dark and the structures appear lighter. 
This principle is called dark-field illumination. 'The images 
show excellent contrast. The very high numerical aperture 
of the illumination produces a considerable increase in the 
resolving power. 
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The microstructures of various materials can be _ per- 
manently recorded by photographing them. Various types 
of photomicrographic apparatus are available for this 
purpose. The essential parts of a photomicrographic 
outfit consist of a microscope, the vertical illuminator, the 
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Fig. 282.—Diagram showing light passing through the dark-field condenser. 
(Leitz.) 


illuminating system, the camera, the optical bench, the 
table support, and the optical equipment. 

The microscope is generally of the Le Chatelier or 
inverted type. The camera is attached to the microscope 
by means of a light-tight connection. The image of the 
specimen is focused onto a ground-glass screen, final 
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focusing being done with the light filter in position and 
with the aid of a focusing glass. 

The illuminant is generally an arc light in which the 
carbons are fed automatically. Another source of light 
is the ‘Point-O-Lite” or some similar lamp. Optically 
it is one of the finest sources of light. It operates on the 
principle of an arc lamp but is enclosed in a bulb. It can 
be used only with direct current. The positive electrode 


Fig. 284.—Leitz Micro-metallograph, simplified model. 


is a tungsten ball, which emits a very uniform and rather 
intense light. The negative electrode is a plate. 

It is obvious that the camera and the microscope must 
be made free from vibrations. The various photomicro- 
graphic outfits are generally provided with shock absorbers. 
Apparatus not provided with such equipment may be made 
free from vibrations by placing thick sections of gum rubber 
under the legs or by Suspending the apparatus from the 
ceiling of the room by means of suitable springs. Another 
method is to support the legs on tennis balls. 

A detailed description of each particular apparatus can 
be obtained from the manufacturer. The reader is referred 
to their pamphlets for additional information. 
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Figure 283 shows the micro-metallograph as made by 
E. Leitz. A simplified outfit is shown in Fig. 284. Photo- 


Fia. 287.—Arrangement for photographing large specimens. (Leitz.) 


Fig. 288.—Metalloscope. (Bausch and Lomb.) 
micrographs in Figs. 285 and 286 illustrate the structure 
of pearlite and phosphide eutectic in gray 
photographed, respectively, by bright-field and by dark-field 


cast iron when 
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illumination. The vertical illuminator is provided with a 
plane glass reflector and a prism mounted side by side on the 
same rod so that they can be interchanged quickly. 

The arrangement for photographing large specimens is 
shown in Fig. 287. 

The photomicrographic apparatus made by Bausch and 
Lomb is shown in Fig. 288, while the path of light is indi- 
cated in Fig. 289. The microscope stand and the illuminat- 
ing system are shown in greater detail in Fig. 290. The 
system is permanently aligned and is therefore simple to 
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Fig. 289.—Path of light in Bausch and Lomb camera. 


use. The rigid construction insures the permanence of 
the image in focus once it has been obtained. This appara- 
tus is provided with shock absorbers, with an automatic 
arc lamp, and with arrangements for the use of vertical, 
oblique, and conical illumination. The attachments for 
photographing large specimens are shown in Fig. 291. 

The two types of apparatus manufactured by Carl Zeiss 
are shown in Figs. 292 and 293. Both are excellent for 
photomicrography. 

The Leitz microcamera attachment shown in Fig. 294 
provides a simple and practical means of obtaining photo- 
graphic records. The apparatus attaches to any micro- 
scope stand in place of the eyepiece without the use of 
adapters. An inspection tube provided with a prism permits 
a view of the image during the actual exposure. Figure 295 
shows the attachment applied to a microscope. 


250 PRINCIPLES OF METALLOGRAPHY 


Fig. 290.—Metalloscope showing permanent alignment of the axis of condens- 


ing lens system on illuminating unit with center of vertical illuminator. (Bausch 
and Lomb.) 


Fie. 291.—Attachments for macrophotography, showing are lamp unit tilted for 
oblique illumination. (Bausch and Lomb.) 
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Fig. 292.—Vertical camera with table board and optical bench. (Zeiss.) 


Fria. 293.—Zeiss Metallograph, ‘‘ Neophot.” 
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The lens system of a microscope consists of the objective 
and the eyepiece. The objective may be an achromat, 
a fluorite system, or an apochromat. An objective should 
be free from spherical and chromatic aberration. In 
spherical aberration, the rays passing through the outer 


Fia. 294.—Microcamera. (Leitz.) Fic. 295.—Microcamera at- 
tachment connected with mi- 
eroscope. (Lettz.) 


edge of the lens and those coming through the center do 
- not come to a focus at the same point along the optical 
axis. As a result the image lacks sharpness. Chromatic 
aberration is due to the dispersion of light in passing 
through the lens, with the result that light of diff- 
erent wave lengths comes to a focus at different points along 
the optical axis so that images are not coincident. Also, 
color fringes are often obtained, owing to inequality in the 
size of the images. Figures 296 and 297 by Patterson! show 


‘Parrerson, W. L., ‘Optics of Metallography,” Transactions ALS ioMLe 
11 (1921). 
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the corrective effect of an apochromatic objective on chro- 


matic and spherical aberration. 
It is obvious that the highest 
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Fic. 297.—Correction for spherical aberration. (Patterson.) 


of rays is collected in this case than by the use of 
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the dry objective. Figure 298 shows the theory of 
numerical aperture. The light ray R, is shown as leaving 
the object at an angle of 30 degrees, passing through air 
and just entering the extreme edge of the front lens of the 
objective. A similar ray R. passing through oil will be 
bent and will fall within the edge of the lens and will occupy 
the position of R;. Obviously, it is possible for rays of light 
leaving the object at angles greater than 30 degrees to be 
bent sufficiently in passing through the oil to pass into the 
objective. 

The resolution of a structure is 
dependent upon the numerical aper- 
ture and the wave length of light. 
The greater the N.A. and the shorter 
the wave length (A) of the light, 
vate f the greater will be the resolution. 
The maximum resolving power is 

rite expressed by the following formula: 

Fic. 208.—Sketch illustrat. Resolution = \/2N.A. If the wave 
Po ee aper- length is 0.00053 mm. for green light 

and the N.A. is 1.00, the resolution is 
0.00053/2 = 0.000265 mm. This means that an objective 
with a N.A. of 1.00 under the most favorable conditions 
can show as separate lines the lines in an object that are 
0.265 micron apart. Another method of expressing the 
resolving power is in lines per inch and is defined numerically 
by the followingformula: V = 2N.A./y, N being the number 
of lines per inch, y equaling the wave length of light in 
inches. 

Lucas' has designed a special metallographic camera built 
by Zeiss in which an objective with a high N.A. is used in 
conjunction with monochromatic light of short wave length 
from a mercury-vapor lamp. This apparatus is intended 
for very high magnifications. Visual focusing is not 


‘Lucas, F. F., “A Precision High Power Metallographic Apparatus,” 
Metal Progress, 24 (1933). 
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possible with this equipment and special objectives must 
be used. 

Bausch and Lomb have introduced special objectives 
which, when used with a special light and filter, make 
possible the visual focusing of ‘‘semi’’ ultraviolet light 
with a wave length of 365 millimicrons as compared with 
the true ultraviolet wave length of 275 millimicrons. 
Greater resolution with more clearly defined structural 
lines is obtained with this equipment than with the regular 
apparatus. Such structures as spheroidized cementite 
and pearlite are rendered very distinct. 

If an image is formed of an object, the latter being plane 
and vertical to the optical axis, the image is not exactly 
in one plane but shows a certain curvature. Curvature 
of the field is often confused with spherical aberration. 
These two defects are not related to each other. Whereas 
spherical aberration always results in a lack of sharpness 
of the image, the field may be curved even though no 
spherical aberration is present. In this case each part 
of the image may be brought into perfect focus, but when 
the center portion is in sharp focus the edge of the field is 
out of focus and vice versa. 

Achromatic objectives show a certain curvature of the 
field so that, when the center is in focus, the periphery is 
outoffocus. They alsoshowspherical aberration at the edge 
of the field. If an attempt is made to focus at the periph- 
ery, the sharpness will never be so good as the best sharp- 
ness obtainable in the center. Apochromatic objectives 
have an even higher curvature of the field but no spherical 
aberration at the edge of the field. On focusing at the 
periphery, the best sharpness obtainable will be just as 
good as the optimum in the center. Apochromatic objec- 
tives do not require green light since their correction is 
almost equally good within the entire visible spectrum. 
Achromatic objectives perform to their best advantage in 
green light. The fluorite objectives perform to best advan- 


256 PRINCIPLES OF METALLOGRAPHY 


tage in green light but the quality of the image is remarkably 
good even in other colors. 

It is necessary to call attention to the fact that apo- 
chromatic objectives are not always the most desirable for 
metallographic work. These objectives show one unavoid- 
able fault even though they may possess a high degree of 
correction. The perfection of the correction can be 
obtained only by combining a comparatively great number 
of individual lenses. In passing through these lens 
components, the light undergoes a number of transitions 
from air to glass and vice versa. Each transition causes a 
partial reflection at the border surface, thus increasing 
the haze and reducing the contrast. 

Recently a new type of objective has been developed. 
This objective is corrected for infinity. 

The eyepieces, Just as the objectives, are compound lens 
systems. The best known type is the Huygens eyepiece. 
Although they were originally intended for visual observa- 
tion only, the slight theoretical decrease in the quality of the 
image is negligible when they are used in photomicrography. 
These eyepieces should be used with achromatic objectives, 
especially when low and medium magnifications are used. 

Compensating eyepieces are recommended for apo- 
chromatic objectives. These eyepieces are corrected for 
color. Other eyepieces have been designed that correct 
both for the color and for the curvature of the field, while a 
special type of eyepiece, known as a projection eyepiece, 
has been designed so that the eye lens is in a focusing 
mount. This mount is provided with a scale and an index 
mark for setting the eye lens at the correct distance for 
each bellows extension. An increase in the flatness of the 
field can be obtained by a lens system known as an amplifier. 
It has the slight disadvantage, however, that it cannot be 
used for visual examination. Also, an amplifier of slightly 
different correction and magnification must be used as the 
focal length of the objective decreases. 
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The selection of the optical equipment for photo- 
micrography, as well as the bellows extension to be used, 
is worthy of mention. If the desired magnification has 
been decided upon, the objective should be so selected 
that its numerical aperture is about 1<o9 to {ooo that of 
the magnification. The type of objective used determines 
the type of eyepiece to be selected. The eyepiece as well 
as the bellows extension participates in the total magnifica- 
tion obtained. 

It is always preferable to select an eyepiece of low 
magnification and a long bellows extension instead of 
an eyepiece of high magnification and a short bellows 
extension. 

Filters are used in all photomicrographic work. Those 
which transmit only narrow bands of the spectrum of 
visible light lead to pictures of much better definition and 
contrast than can be obtained without them. A green 
filter or a combination of a yellow filter to cut out blue and 
violet light and a green filter to eliminate the red is most 
commonly used. In special cases blue or violet filters are 
used. Yellow or red filters should be avoided because the 
longer wave lengths of these colors decrease the resolving 
power. 

Photographic plates that will give good negatives may be 
obtained. Panchromatic plates are sensitive to red light 
and therefore require a special safety light. It is much 
more convenient and more advantageous to use a plate 
that is particularly sensitive to green, but not to red, light. 
Orthochromatic plates are of this type. Cut films are also 
used. They are easy to file and are unbreakable. 

The time of exposure may vary from a few seconds to 
10 or 15 minutes, depending on the source of light, the 
nature of the specimen, the color of the filter, and the kind 
of plate, as well as the optical system used and the setting 
of the camera. The operator soon recognizes these factors 
so that he can estimate the length of exposure with con- 
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siderable accuracy. When the conditions are entirely 
unknown, the following test method will save time and 
plates: Expose, as usual, for a few seconds. Instead of 
shutting off the light, as would be done ordinarily, push 
in the opaque screen, which is used to cover the plate in 
the holder, about 14 inch in order to shut off a portion 
of the exposed plate. After another short interval, push 
in the screen another 14 inch. Repeat this operation until 
the opaque screen has completely covered the plate. When 
the plate is developed, it will show a series of bands, each 
of which represents an exposure for a somewhat longer 
time than the one preceding it. Select the correctly 
exposed strip from the banded negative, record its time of 
exposure, and use substantially the same length of exposure 
for photographs taken under similar conditions. 

Directions for the preparation of developing solutions 
are supplied by the manufacturers and are generally 
included in each box of plates. 

A developing solution that gives good results for plates, 
films, and paper is the following: 


Metoltrcs nese! ache eee 2.0 grams 
Sodium sulphite anhydrous........ 35.0 grams 
ELVGTO Guin One aaa ae ee 6.0 grams 
Sodium carbonate anhydrous...... 58.0 grams 
Potassium*=bromidess2 4. see eeee 0.7 gram 
Waiters. chao tant g Wee mree 1000.0 cubic centimeters 


Dissolve the metol in 50 cubic centimeters of water, then 
add the remaining chemicals in order. The solution may be 


used full strength or it may be diluted with an equal 
volume of water. 


A solution that will give extreme contrast is as follows: 


Sotution A 


Hydroquinone:s....1,2 a5p oe Dee 25 grams 
Potassium metabisulfite............. 25 grams 
Potassium bromide................. 25 grams 
Water 
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SoLtution B 
Potassium hydroxide............... 50 grams 
Up ade ee ee an Rana mea 1000 cubic centimeters 


Mix equal parts of A and B and use at approximately 65°F. 
Maximum development occurs in 2 minutes or less. 

After the development has been completed, the plates are 
passed through water and then into a hypo bath made by 
dissolving 500 grams of sodium thiosulphate in 2000 cubic 
centimeters of water. An acid hardener is generally added 
to this solution, especially for use in hot weather, the 
formula of which is as follows: 


NOT SA ee re 150 cubic centimeters (5 fluid ounces) 
Sodium sulphite (dried)............ 28 grams (1 ounce) 

LOcacetimn aii «8 fn 28 grams (1 ounce) 

Glacial acetic acid................ 30 cubic centimeters (1 fluid ounce) 


The effect of the fixing solution is to dissolve the unre- 
duced silver salt. After the grayish white color has 
disappeared from the back of the plate, the plates should 
be left in the bath an equivalent length of time to complete 
the fixing. All traces of hypo should be removed by 
washing thoroughly in running water, an hour generally 
sufficing. The plates are then placed in a rack for drying. 

Sometimes negatives may be underexposed or over- 
exposed. In the former case, detail is lacking, so that it 
is better to make another exposure rather than to treat the 
poor negative. An overexposed negative is too dense and 
may be reduced in the following solution: 


SoLtoution A 


Wit Eran peers nce eect Seta cee 30 cubic centimeters, or 1 fluid ounce 
Potassium ferricyanide......... 1 gram, or 15 grains 

Soutution B 
Wie be Demag... mek en ieees wanes a" 3 1000 cubic centimeters, or 32 fluid ounces 
Sodium thiosulphate (hypo)..... 28 grams, or 1 ounce 


Mix A and B and immerse the plate in the solution until 
sufficiently reduced; then wash thoroughly and place in 


rack to dry. 
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Photomicrographs require the greatest possible detail 
in printing so that a glossy paper is commonly used. 
Glossy Azo Nos. 3 and 4, as well as other brands, give 
good results. 

After the prints are washed, a brilliant finish may be 
obtained by placing them face down on a ferrotype plate 
and pressing into firm contact by means of a print roller. 
The ferrotype board should be clean. Any tendency 
of the prints to stick to the board may be prevented by 


NuMBER. 


MAGNIFICATION___ 


MATERIAL 


REPORTED BY 
PHOTOMICROGRAPHIC MOUNT 


Fria, 299.—Photomicrographic mount. Original card is 5 by 7 in. 


rubbing the surface with a few drops of oil or with a solution 
of paraffin in benzol. The board should then be polished 
with a soft cloth before the prints are placed on its 
surface. The prints may be trimmed to any convenient 
size. A circular print may be made by the use of a 
revolving print trimmer and a metal mask. Black paper 
masks are commonly used. The dry prints may be 
mounted on suitable cards for examination and filing. 
Dry mounting tissue is excellent for attaching the prints. 
A mounting card of the type shown in Fig. 299 will prove 
satisfactory. 
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Magnetic Testing. Magnetic methods of test have been 
greatly extended during the past five years. Several 
systems that have been worked out in laboratory form for 
some time are now in commercial use, and the limitations 
of the various tests are becoming established. The follow- 
ing description covers only methods of commercial interest. 
From the point of view of magnetic research, many other 
laboratory tests are in use. 

Magnetic tests offer the great advantage that they are 
in general rapid, nondestructive, and may be applied to the 
finished product, and not solely to a specimen representa- 
tive of the product. In the case of materials used because 
of their magnetic behavior, such as transformer steels, 
magnet steels, and the like, magnetic measurements are 
made under the same general conditions under which the 
steel is used in service, and the measurement is then a 
primary one, giving results in finite numbers that define 
the relative merit of the specimen. 

Magnetic tests are also used to determine the suitability 
of steel for mechanical purposes. 

Two completely distinct types of tests are in use: one a 
continuity test to discover defects such as cracks, seams, 
blowholes, or inclusions, and the other a test that determines 
whether the structure of the steel, its strength, hardness, 
and grain are similar to a standard. This process of 
determining the structure of steels is known as magnetic 
analysis. 

One form of the continuity test is in daily use for locating 
dangerous fatigue cracks in used railroad rails. In the 
Sperry test a heavy current is passed longitudinally through 
the rail, and where a defect occurs a change-of-potential 
drop can be measured. Instead of measuring this drop, 
however, the transverse magnetic field due to the variation 


1This brief discussion of magnetic testing was written by Die Ann Ve 
de Forest, Associate Professor of Mechanical Engineering, Massachusetts 


Institute of Technology. 
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in current density is used. A coil is carried at constant 
speed over the head of the rail, and changes in the magnetic 
field are amplified by a vacuum-tube circuit and recorded. 
In service the test apparatus is carried in a rail car. Both 
tracks are tested at once, at a speed of about six miles per 
hour. The sensitivity of the equipment allows defects 
to be found which occupy only 1 per cent of the area of 
the rail head. Unfortunately, however, the test is not 
purely one of continuity of the metal in the rail; sudden 
structural changes, such as are caused by wheel burns, 
will also record on the apparatus. It is now known that 
transverse fissures, as in the case of other fatigue cracks, 
grow slowly, and periodic inspection locates a great percent- 
age of the cracks before they have become dangerous. 
Another form of continuity test which has reached 
general use is known as the Magnaflux test. Under proper 
magnetizing conditions a small local pole is produced at 
the extreme edge of surface cracks of any kind. The usual 
indicator for this polar effect is finely divided iron or a 
magnetic iron oxide. Where extreme refinement of the 
detecting powder is necessary, the iron dust may be 
suspended in a liquid. Oil, water, or, in some cases, carbon 
tetrachloride is used. For other purposes the dust is used 
dry and is more effective when coated with a nonmagnetic 
layer surrounding the iron particles. This powder method 
has been particularly effective for the detection of surface 
seams, grinding cracks, quenching cracks, and shrinkage 
cracks in welds, and in locating incipient fatigue cracks in 
used machinery. Where safety is important as in airplane 
parts and engines, this testing is particularly desirable 
and is in extensive use. The result of using this test for 
incipient fatigue cracks is important as the actual cause 
of the defect can be far more readily discovered if the part 
is examined before the evidence is destroyed. After 
failure has occurred, accurate examination is in many cases 
impossible. This test is also in general use on large forgings 
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such as those for turbine rotors. The depth to which cracks 
can be detected depends on the material and its physical 
shape. In favorable cases as with thin-wall tubing, interior 
defects can be located on the outside by the disturbance 
created in a circular magnetic field generated in the wall 
of the tube. 

Another important continuity test is one in which a very 
strong direct-current field is produced between the poles 
of a heavy magnet and the distribution of this flux is 
measured by search coils mounted in the pole pieces. In 
case of a slight change in the magnetic reluctance of 
material between the poles, a condition of dissymmetry 
is created which may be used as an indication of local 
internal defects. This test is somewhat similar to the 
Sperry rail test and is used primarily by the General 
Electric Company on turbine rotor wheels. 

In the history of magnetic analysis there have been 
many failures to progress from apparently successful 
laboratory applications to commercial shop conditions. 
This is primarily due to the many variables that arise in 
practice and in large volumes of metal as compared with 
those variations known and studied under ideal laboratory 
conditions. As the practical metallurgist becomes more 
familiar with the possibilities of magnetic methods, this 
convenient form of test will be applied more widely. 

The varieties of magnetic analysis all proceed from the 
observation that if two specimens of steel are identical 
as to their magnetic properties they are identical as to their 
mechanical properties. Unfortunately the reverse is by 
no means true, and specimens may differ markedly in 
magnetic properties without any indication of differences 
in the mechanical properties as usually measured. The 
principal reason for this condition is that the magnetic 
measurements are usually affected by the state of internal 
stress, which exerts a negligible effect under most conditions 
of mechanical testing. Magnetic tests of this type are 
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purely secondary in that the magnetic properties are of no 
importance in themselves, but must be interpreted in the 
light of experience. It is necessary that the test specimen 
on which experience is based be of the same material and 
have the same method of preparation as the material 
tested; for instance, heat-treated bolts could readily be 
magnetically compared with each other as long as the 
composition is uniform, but a change in the composition 
of the steel or in the heat-treating process would result 
in large magnetic differences that might or might not be 
indicative of mechanically imperfect bolts. 

The simplest form of this test, and the earliest in point 
of commercial application, is an alternating-current bridge 
in which the impedance of a coil surrounding the test 
specimen is balanced either against a standard specimen 
in a similar coil or against a synthetic standard of equal 
impedance. As an indicator of unbalance an alternating- 
current galvanometer may be used, or the current may be 
passed through a rectifier and measured as a direct current. 
The galvanometer may be replaced by an oscillograph and 
additional information obtained from the wave form of the 
magnetizing current. Using this method, attempts have 
been made to interpret the many variations in magnetic 
properties into the corresponding mechanical behavior. 
In certain cases this analysis can be successfully carried out; 
in others, under commercial conditions, the confusion of 
variables becomes too great. This balanced alternating- 
current system of test is primarily applicable to large 
quantities of similar materials, for instance, razor-blade 
stock, wire, bar-stock, tubing, and similar products. In 
the case of these items certain peculiarities of magnetization 
may be indicative of longitudinal defects such as seams. 
This is particularly true in the case of cold-drawn bars and 
the method is in commercial use as a defect indicator for 
such products. In this case the defect seems to produce a 
greater magnetic difference in cold-drawn stock than in 
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the same bar annealed. The seam, therefore, probably 
changes the conditions of internal stress, the magnetic 
results serving as an indication. A change in the internal 
stress distribution may also be caused by some harmless 
mechanical variation such as local straightening or a local 
hammer mark. Quite obviously care must be used to 
discriminate between harmful and harmless causes of the 
magnetic change that is used as a test indication. Strict 
attention must be paid to the uniformity of cross section 
and of composition and heat treatment of the stock to 
prevent confusion. 

Similar apparatus, but with special methods of magneti- 
zation, is in use in the ball-bearing industry; raceways, balls, 
and rollers can very conveniently be tested in this manner. 
If the magnetic readings are interpreted in terms of Rock- 
well hardness variation, reliable average measurements 
can be made to one-tenth of one Rockwell division. The 
magnetic indications also show irregular internal stress 
conditions regardless of the actual hardness of the surface. 
These variations are hard to calibrate as the equivalent 
mechanical tests are poorly developed. 

An extension of this method consists in differentiating 
between the different harmonics generated by alternating- 
current magnetization. It has been found, particularly 
in the case of tubing, that longitudinal defects have a 
greater proportional effect in the case of certain harmonics 
than in the fundamental wave. 

Instead of the use of an oscillograph for such measure- 
ment of harmonics, a filter system may be used which will 
measure the energy developed by the various harmonics 
present in the wave form. This method, however, is as 
yet primarily a laboratory one. 

In certain fields, particularly for small parts of magnetic 
material, high-frequency magnetization is used and a 
number of types of oscillating circuits have been devised 
which give valuable indications of slight changes in com- 
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position and heat treatment. Tests of this type can also 
be applied to nonmagnetic materials, measuring in this 
case the electrical resistivity of the test specimen. A very 
high degree of comparative accuracy is possible and small 
changes in the amount and direction of cold work can be 
discovered. This system in general is similar to the Hughes 
induction balance of 50 years ago. 

In the correlation of magnetic with mechanical methods 
of test, the greatest obstruction to progress has been the 
absolute lack of methods of mechanical testing, which 
depend on the condition of the material before deformation 
beyond the elastic limit has been imposed. Mechanical 
tests give only figures on metal greatly different from its 
original condition. Magnetic tests, on the other hand, 
deal with the material as it is manufactured, quite a 
different substance. Close agreement between the two 
conditions is not to be expected. 

X-ray Methods.'—In connection with laboratory meth- 
ods, a brief reference should be made to the use of x-rays 
which have become a most useful aid in the study of the 
metallic state. Broadly speaking, x-rays may be used in 
two ways, the first of which is classified as the application 
of radiography and the second as the application of x-ray 
diffraction. 

Radiography is based on the ability of x-rays to penetrate 
solid and other opaque matter, a fact that is due to the 
short wave length of x-radiation. The method consists 
in passing a beam of x-rays (produced by 100,000 volts or 
more) through the metal object to be examined and then 
observing the emergent beam with the aid of a photographic 
plate or film, since x-radiation, although invisible, affects a 
sensitized emulsion as does ordinary light. This furnishes 
a shadowgraph of the interior of the metal object. Since 
the penetration of a given x-ray beam depends on the kind, 


* This section on z-rays has been rewritten by Mr. Morris Cohen, Assistant 
in Physical Metallurgy, Massachusetts Institute of Technology. 
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density, and thickness of the material through which it 
passes, it is evident that the parts of the beam passing 
through such defects as blow holes, shrinkage cavities, 
internal cracks, and the like will be less absorbed and so 
will produce darker spots on the plate than those portions 
of the emergent beam that have passed through solid 
metal. The presence of inclusions and segregations can 
be detected in the same way. In this manner, the interior 
of a metallic specimen may be examined without injury 
to the part. 

The radiographic method finds a wide application in 
the examination of castings and forgings and so is an 
excellent means of plant control. Porosity, slag stringers, 
sand inclusions, serious segregation, and shrinkage cracks 
or ‘‘pipes”’ are some of the internal flaws readily detected 
by radiography. Not only can defective castings and 
forgings be rejected before being put into service, but also 
the manufacturing technique can be modified immediately 
to eliminate the flaws. 

The application of radiography to the examination of 
welds is of great importance. The detection of gas pockets, 
slag inclusions, and imperfect union of the welded metals 
has resulted in marked improvements in welding technique. 
This nondestructive method of weld testing has been found 
to give so satisfactory an indication of the condition of 
the weld that it has led to a large increase in the use of 
pressure vessels and structural shapes. The boiler code 
of the American Society of Mechanical Engineers requires 
that all welded boilers must be radiographically tested 
before they are put in service. Figure 300 shows two welds 
which appeared satisfactory from the outside, but which 
showed serious defects when examined by the z-ray. 

With modern z-ray equipment using 400,000 volts, which 
is approximately the maximum commercial tube voltage, 
thicknesses of steel up to 419 inches can be tested. For 
greater thicknesses gamma rays emitted from radium 
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emanation are now used. Gamma rays differ from z-rays 
only in that their wave length is much shorter so that they 
have much greater penetrating ability. These rays will 
give satisfactory shadowgraphs through 10 inches of steel 
in 10 hours. 


Fig. 300.—Radiograph of defective welds showing porosity and imperfect 
joining of metals. (Norton.) 

The second and far more complicated application of the 
z-ray is based on the fact that the atoms of metals are 
arranged in definite and repeating patterns and that these 
atom surfaces are able to reflect x-rays striking them at 


(a) (b) (c) 


Fig. 301.—(a) Face-centered cubic arrangement of atoms. (6) Body- 


centered cubic arrangement of atoms. (c) Hexagonal close-packed arrangement 
of atoms. 


suitable angles. Since t-rays penetrate the metal, they are 
reflected not merely from the surface layer but also from a 
series of layers beneath the surface. The reflected x-ray 
beams fall on a sensitive photographic film and produce 
on it a series of lines or points, the arrangement of which 
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THE MAGNESIUM-ZINC SYSTEM 
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Fig. 302.—X-ray diffraction patterns of the solid phases existing in the magne- 
sium-zine system. (Cohen.) 
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is characteristic of the spacing of the atoms in the metal. 
By an exact analysis of the x-ray spectra produced in this 
way, not only may the internal atomic arrangement be 
accurately determined in a qualitative way, but also the 
atomic distances may be measured in terms of an exceed- 
ingly small measure of length, the angstrém unit (107% 
centimeters). The spacing of the atoms is indicated by the 
term space lattice and each metal has its characteristic 
arrangement. The atoms of a-iron (p. 42), for example, are 
arranged in the form of a body-centered cube (Fig. 3016), 
while those of y-iron (p. 42) have the face-centered cubic 
arrangement (Fig. 30la). By an exact study of the 
patterns produced, it is possible, not merely to classify 
the pure metals, but also to study the structure of solid 
solutions (p. 21) and intermetallic compounds (p. 36). 
Recent work seems to indicate clearly that space-lattice 
distortions produced by mechanical work, annealing, and 
other heat-treating operations are also capable of detection 
and measurement. Information of this character will be of 
great value to the industrial metallographer. The applica- 
tion of this second method to the study of alloy diagrams 
is shown in Fig. 302. 


APPENDIX 


TABLE [| 


Suggested outline of a brief laboratory course in Metallography. 


NONFERROUS 


1. Cadmium-bismuth Series —The prepared specimens range from 10 
Cd-90 Bi to 90 Cd-10 Bi, all of which should be carefully examined. The 
report should include the equilibrium diagram, cooling curves, and sketches 
of three representative specimens, the etching reagent used and a brief 
statement as to the commercial uses of the alloys. 

2. Copper—copper Oxide Series —Examine and report as in the Cd-Bi 
series. 

3. Copper-silver Series —Examine and report as in Cd-Bi series. 

4. Matte and Slag—Prepare and examine specimens of copper matte and 
copper slag. Remember that the former contains Cu, Fe, and 8 with 
probably some magnetite. The latter contains silicates of Fe and Ca with 
probably some other materials. Learn what you can regarding the con- 
stituents and cover in the report. Give sketches. 

5. Brass.—(a) Compare the structures of cast 60-40 and 70-30 brass. 
(b) Forge cold a piece of cast a-brass reducing the cross section to less than 
one-half. Cut the specimen in two, heat one piece to 800°C. and cool in 
air. Compare the two pieces. 

6. 60/40 Brass (Muntz Metal),—Heat three pieces at 825°C. for 4% hour. 
Quench one in cold water, cool one in air, and cool one in the furnace. Etch 
with a freshly prepared mixture of equal volumes of concentrated NH,OH 
and H.O». Compare the structures. 

7. 70/30 Brass (Cartridge Brass).—Examine one piece of cold-worked 
a-brass. Heat one at 650°C. and one at 800°C. for 4% hour. Compare the 
structures. 

8, Polish and etch a specimen of duralumin. 


FERROUS 


1. Wrought Iron.—Examine longitudinal and transverse sections. 

2. Cast Steel.—Examine the original cast steel and the original material 
after it has been reheated slightly above Ac; for 1 hour and cooled in air. 
Compare the two structures. Forge a specimen of cast steel to reduce its 
cross section about one-half. Cut into two pieces longitudinally. Heat 
one slightly above Ac; for 1 hour, cool in air. Examine the structures. 
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3. Hot-rolled Steel_—Treat seven specimens from a steel bar as follows: 

(a) Original untreated. 

(6) Heat at proper temperature for 144 hour and quench in water. 

(c) Heat as in (6), quench in water, reheat at 300°C. for 1 hour. 

(d) Heat as in (6), quench in water, reheat at 600°C. for V4 hour. 

(e) Heat as in (6), and cool in the furnace. 

(f) Heat as in (6), and quench in oil. 

(g) Heat as in (6), and cool in air. 

4. Case-hardened Steel—Examine carefully several prepared specimens. 

5. Overheated Steel and “ Burnt”? Steel.—Examine prepared specimens. 

6. Cast Iron.—Examine specimens of white, gray, and malleable cast 
iron, 

7. Macroscopic Examination of Steel—Make macroscopic studies of 
various types of steel showing segregation, etc., as directed. 

8. Photomicrography.—Photograph a series of properly polished and 
etched specimens, develop the negatives, prepare and mount the prints 
on suitable cards. 

9. Examine various commercial alloys, bronzes, aluminum alloys, high- 
speed steels, and the like. Examine and make formal reports of the causes 
of failure of defective alloys. 


TasuE II 


Books and Journals.—(This list is not complete but includes the publi- 
cations most readily obtainable.) The asterisk * indicates the books 
especially recommended for the general reader. 


General 


Allgemeine Metallkunde—Piwowarsky—1934. An excellent discussion of 
the modern theories of metals. 

Alliages Métalliques—Cavalier—1909, General metallography dealing 
extensively with physical and mechanical properties. 

Applied X-rays (2d ed.)—Clark—1932, A discussion of the applications 
of z-ray examination in industry. 

Die biniren Metallegierungen—Bornemann—1909. Brief theoretical dis- 
cussion and many equilibrium diagrams. 

Chemistry of Solids—Desch—1934. A brief discussion of the physics of 
metals. 

Corrosion of Metals—Evans—1926. Deals with the theory of corrosion 
and with practical corrosion problems. 

*Corrosion—Causes and Prevention—Speller—1935. 
and detailed treatment of the corrosion problem. 

Hinfithrung in die Metallographie—Goerens—1 906. *Translation—Intro- 
duction to Metallography—Ibbotson—1908. A small general metal- 
lography but a classic in that it is the first book to deal with equilibrium 
diagrams as well as photomicrography 


A very satisfactory 


. 
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Engineering Metallurgy—Stoughton and Butts—1926. A very general 
book designed for engineering students and dealing briefly with the 

_ Smelting, refining, properties, and alloys of each of the common metals. 

Etude Industrielle des Alliages Métalliques—Guillet—1906. General 

_ _ Study of industrial alloys with many photomicrographs. 

Etude Théorique des Alliages Métalliques—Guillet—1904. Discussion of the 
methods of alloy study; hardness, conductivity, magnetism, density, etc. 

Handbuch der Metallographie—Guertler—1912-1914. The most com- 
plete and detailed treatment of metallography yet published. Much 
emphasis is laid on theoretical considerations. 

impurities in Metals—Smithells—1930. An important contribution to the 
study of the effects of small amounts of impurities. 

“Introduction to Physical Metallurgy—Rosenhain—1917. Deals especially 
with mechanical testing, physical properties, and industrial applications 
of alloys. Summary of defective material. 

Lehrbuch der Metallkunde—Sauerwald—1929. A brief general treatment 
of physical metallurgy. 

Lehrbuch der Metallographie—Tammann—1932. Deals with the subject 
almost wholly from the theoretical viewpoint. Contains an extended 
discussion of the valence theory as related to intermetallic compounds. 

*Materials and their Application to Engineering Design—Alleut and 
Miller—1923. A modern discussion of the alloys used in engineering 
work. Of special interest to mechanical engineers. 

*Metallic Alloys—Gulliver—1913. One of the standard books on general 
metallography. Considers crystallography and the mechanism of 
crystallization of metals. Excellent treatment of ternary alloys. 

The Metallic State—Hume-Rothery—1931. A discussion of physical 
metallurgy from the viewpoint of the physicist. 

Metallographic Researches—Benedicks—1926. An extension of the 
material given in Dr. Benedicks’s lectures in the United States in 1925. 

Metallographie—Heyn and Bauer—1909. Small general metallography 
largely theoretical. 

Metallographie—Ruer (translated by Mathewson)—1907. Elements of 
metallography considered chiefly from the theoretical side. 

*Metallography—Desch—1922. General metallography with special em- 
phasis on physicochemical principles and an extended discussion of the 
connection between constitution and physical properties. 

*Metallography and Macrography—Portevin and Guillet—1918. A 
general discussion of metallography with an excellent section devoted 
to examination of defective material at low, or without, magnification 


(macrography). 
Metallography—Hiorns—1902. An introduction to the microscopic study 
of alloys. 


*Metallography—Hoyt—Vol. I (Principles)—1920; Vol. II (Metals and 
Common Alloys)—1921. One of the best texts on the physical proper- 
ties of metals and alloys. References to the literature of metallography 
are unusually complete. 
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Metallography—Tammann (translation by Dean)—1926. (See note on 
German edition.) 

Moderne Metallkunde—Czochralski. Metallography and physical metal- 
lurgy. 

*National Metals Handbook—1933. An invaluable reference book dealing 
with the compositions, properties and heat treatment of ferrous and 
nonferrous alloys. 

Physikalische Chemie der Metalle—Schenk—1909. Six lectures on appli- 
cations of physical chemistry to metallography. 

Physical Chemistry of the Metals—Schenk (translated by Dean)—1919. 
(See above.) 

*Physical Metallography—Heyn (translated and enlarged by Grossman)— 
1925. An excellent discussion of the theoretical principles involved in 
metallography. 

*Physical Metallurgy—Woldman—1930. An extensive discussion of 
laboratory experiments and problems. 

*Practical Microscopical Metallography—Greaves and Wrighton—1933. 
A brief, practical discussion of the methods of microscopical metal- 
lography with a large number of excellent photomicrographs of good 
and of defective material. 

*Principles of Metallurgy—Liddell and Doan—1933. An excellent text 
dealing with production and physical metallurgy. 

*Principles of Physical Metallurgy—Doan—1935. An excellent text in 
physical metallurgy. 

Protective Films on Metals—Hedges—1932. A treatment of the corrosion 
problem based largely on the behavior of surface films. 

*The Science of Metals—Jeffries and Archer—1924. A general treatment 
of the structure and properties of metals and alloys. Detailed infor- 
mation with regard to x-ray structure is given and such general topics as 
the mechanical hardening of metals are discussed. 

Theoretical Metallurgy—Dean—1924. Production and physical metallurgy 
considered as problems in physical chemistry. 

Traité de Metallographie—Robin—1912. A large work on general metal- 
lography including many subjects not usually considered. A complete 
set of diagrams and many photomicrographs. 

Traité Complet d’Analyse Chimique—Goerens and Robin—1911. Métal- 
lographie Microscopique. General metallography with many diagrams 
and photomicrographs. 


Intermetallic Compounds 


Chemical Combinations among Metals—Giua (translated by Robinson)— 
1918. Theoretical treatment of the nature and properties of inter- 
metallic compounds. 

Intermetallic Compounds—Desch—1914. A monograph dealing with the 
constitution and physical properties (hardness, conductivity, etc.) of 
intermetallic compounds. 
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Industrial Alloys (Nonferrous) 


Alloys—Sexton—1909. Deals with the physical and mechanical properties 
of the nonferrous alloys and the methods of preparation. 

Alloys and Their Industrial Applications—Law—1914. A book designed 
primarily for the engineer with a brief theoretical discussion and a 
detailed description of the mechanical properties of technical alloys. 

*The Aluminum Industry—Edwards, Frary and Jeffries—1930. Vol. I 
deals with the production of aluminum and Vol. II with its fabrication, 
properties, and uses. The most complete treatment of aluminum and 
its alloys available. 

*Aluminum and its Alloys—Corson—1926. A critical as well as descriptive 
discussion of aluminum and its alloys with many photographs. 

*Engineering Non-ferrous Metals and Alloys—Aitchison and Barclay— 
1923. A discussion of nonferrous alloys from the engineering view- 
point. Physical properties are given largely in tabular form. 

*The Heat Treatment and Annealing of Aluminum and Its Alloys—Bud- 
geon—1932. A detailed discussion of the heat treatment of cast and 
worked aluminum and its alloys. 

*The Metallurgy of Aluminum and Aluminum Alloys—Anderson—1925. 
An extensive discussion of the production, refining, casting, and 
mechanical properties of aluminum alloys. ; 

*Secondary Aluminum—Anderson—1931. A continuation of Anderson’s 
earlier book (see above). 

Mixed Metals—Hiorns—1912. A descriptive textbook on the composition, 
methods of manufacture and technical uses of nonferrous alloys with a 
brief theoretical treatment. 

Practical Alloying—Buchanan—1910. A description of foundry practice 
with alloy formulas. Essentially a foundryman’s handbook. 


Iron and Steel 


*The Book of Stainless Steels—Thum—1935. A complete discussion of 
stainless steels written by a number of specialists. 

*Cast Iron in the Light of Recent Research—Hatfield—1928. An extended 
discussion of the properties of cast iron with many photomicrographs. 
Deals with shrinkage, casting temperature, growth, ete. 

Crystallization of Iron and Steel—Mellor—1905. Six lectures on the appli- 
cations of metallography in engineering. 

*Engineering Steels—Aitchison—1921. An important discussion from the 
engineer’s viewpoint of the composition and mechanical properties of 
plain carbon and alloy steels. Much of the information is presented 
in tabular form. 

High Speed Steels—Grossman and Bain—1931. A detailed discussion of 
the heat treatment, properties, and microstructures of high-speed steels. 

Die praktische Nutzanwendung der Priifung der Hisens mit Hilfe des 
Mikroskopes—Preuss—1913. A brief discussion of the use of the 
microscope in the study of good and of defective steel and iron. 
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Iron, Steel and Other Alloys—Howe—1903. One of the earlier classics 
on the metallography of iron and steel by the dean of American metallo- 
graphists. 

*The Making, Shaping and Treating of Steel—Carnegie Steel Company— 
1925. A very satisfactory treatment of steel in all its branches; 
mining, metallurgy, mechanical treatment, and metallography. Fre- 
quently revised and now in its fourth edition. 

Metallographie und Warmebehandlung—Hanemann—i915. A discussion 
of applied metallography and heat treatment of steel, designed for 
engineers. 

*The Metallography and Heat Treatment of Iron and Steel—Sauveur— 
1926. A detailed treatment of the metallography of iron and steel 
with many excellent photomicrographs. One of the modern standard 
works on iron and steel. 

The Metallography of Steel and Cast Iron—Howe—1916. A large book 
dealing with many theories of the behavior of iron and steel and especi- 
ally with the mechanism of plastic deformation. Highly speculative 
and of interest to the advanced student. 

The Microscopic Analysis of Metals—Osmond (translated by Stead)—1913. 
An English edition of Osmond’s classic in the field of the microphotog- 
raphy of steel and iron. Includes many of Osmond’s remarkable 
photographs of good and of defective material. 

*Microscopic Examination of Steel—Fay—1917. Intended for inspectors 
of steel ordnance materials. A very brief discussion of methods and 
many photomicrographs of good and of defective material. 

Molybdenum, Cerium and Related Alloy Steels—Gillet and Mark—1925. 
A detailed study of the properties and uses of molybdenum steel. 

*Physico-chemical Properties of Steel—Edwards—1916. A discussion of 
the chemical and structural constitution of steel and the effects of heat 
treatment based on the equilibrium diagram. 

The Sampling and Analysis of Iron and Steel—Bauer and Deiss (translated 
by Hall and Williams)—1912. Part I deals with the applications of 
metallography to the selection of suitable samples for analysis. 

Stainless Iron and Steel—Monypenny—1931. A general discussion of the 
manufacture and properties of high-chromium iron and steel. 

Die Theorie der Eisen-Kohlenstoft Legierungen—Heyn—1926. An extended 
theoretical discussion of the relation of iron and carbon. 


Heat Treatment of Steel 


Heat Treatment of Tool Steel—Brearly—1916. Essentially a book for the 
toolmaker but gives many applications of metallography. 

Steel and Its Heat Treatment—Bullens—1935. A detailed discussion of 
the heat treatment of steel and the uses of the microscope in following 
the changes involved. 


Steel Treating Practice—Sherry—1929, Equipment and methods for heat 
treatment of plain and alloy steels. 
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Traitements Thermiques des Produits Métallurgiques—Guillet—1909. 
A discussion of the methods and results of quenching, tempering, and 
annealing of alloys, chiefly iron and steel. 


Journals 


American Institute of Metals—1906-1918 (incorporated with American 
Institute of Mining Engineers, 1919). Deals with the production and 
metallography of nonferrous alloys. 

American Institute of Mining Engineers. Includes the metallography of 
iron and steel and since January, 1919 has published the nonferrous 
metallography formerly printed in American Institute of Metals. 

American Society for Metals (American Society for Steel Treating until 1934). 
The society publishes Transactions and Metal Progress and now covers 
both nonferrous alloys and steel. 

American Society for Steel Treating—1920 to 1934. Deals with the 
manufacture, microscopic examination, and especially the heat treat- 
ment of iron and steel. Contains papers of scientific and of practical 
interest. 

American Society for Testing Materials—1899 to date. In the metals 
section will be found much information on the physical properties and 
metallography of alloys. 

Bureau of Standards, United States. Publishes frequent valuable mono- 
graphs on various branches of metallography. 

Journal of the Institute of Metals (British)—1909 to date. A semi- 
annual publication of the society which covers for nonferrous alloys 
the field occupied by the Iron and Steel Institute in the steel industry. 

Journal of the Iron and Steel Institute (British)—1896 to date. Deals 
with the preparation and metallography of iron and steel. Published 
semi-annually. 

Metals and Alloys—1929 to date. An excellent journal including papers on 
nonferrous and ferrous alloys. The abstract section is especially 
valuable. 

Mitteilungen aus den Eisenhiittenschen Instituts Aachen—Wust—1906 to 
date. A series of valuable contributions to theoretical and industrial 
metallography. 

Zeitschrift fiir Metallographie. Published original articles in English, 
French, Italian, and German and included abstracts of all metallo- 
graphic articles. 

Zeitschrift fiir Metallkunde—1919 to date. A successor to the Zeitschrift 
fir Metallographie but dealing primarily with the general properties of 
nonferrous metals and alloys. 

In addition to the journals devoted primarily to the properties of metals 
the following journals frequently publish important articles on metallog- 
raphy: 

Chemical and Metallurgical Engineering, Metallurgie, Revue de Métal- 
lurgie, Stahl und Eisen, Zeitschrift fiir anorganische Chemie. 


278 PRINCIPLES OF METALLOGRAPHY 


Tasie [II 


The Common Industrial Alloys.—The industrial alloys now number 
several thousand. The following table includes a few of those most 
commonly used. The composition, even of the alloys listed, varies between 
fairly wide limits with a corresponding variation in physical properties and 
applications. 

The information given under Uses is intended merely to indicate the 
general nature of the alloy. 


Name Composition, per cent | Uses 
Admiralty metal..... Cu 70 Condenser tubes for use with 
Zn 29 salt water. Marine fittings. 
Sn 1 
IAT Dax ra eee Serer Al 92-89 | General castings. Has lower 
Si 4:11 — shrinkage than Al-Cu alloy. 
Aluminum alloy—No. 
LD eo Raat ee ae le This alloy with slight vari- 
S.A.E.—No. 30 | Cu 8 ations in composition is the 
standard aluminum casting 
alloy used in the United 
| States. 
Aluminum brass..... Cu 70-68 | Propeller blades, rudder 
Zn 27-31 frames, sea valves. 
Al 1-3 
Bronze 
Aluminum® . 7... Cu 90 | Hard, non-corrodible. Used 
Al 10 in parts exposed to .tan- 
ning, sulphite and similar 
corrosive liquors. 
iBearmg Sesser Cu 70-90 Bearings of various sorts. 
Sn 1-10 
Pb 0-15 
Zn 0-27 
Gears ha keene Cu 89 Used for heavy gears usu- 
Sn 11 ally against steel. 
GUNG eas oe Cu 88 Strong valves and fittings. 
Sn 10-8 
Zn 2 
Poe 
iPhosphoneeren Cu 80-77 Bearing metal, wire, rods, 
Sn 8-10 steam fittings. 
Pb 0-15 
P  0-1.0 


—_— 
‘A list of compositions of more than 1500 alloys is give in “International 
Critical Tables,” Vol. II, p. 370. 
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Tas.e IIT (Continued) 


Name Composition, per cent Uses 
Plastics oanase ci. Cu 70-50 Bearing metal. 
Pb 30-50 
Ni trace 
SUNOS © prea ee ae Cu 96 Telegraph wires, electrical 
|/Sn 4 work. 
| Si tr. 
Babbitt metal....... Sn 70-90 Bearings and_ antifriction 
Sb 7-24 lining for bronze or steel 
Cu 2-22 bushings. 
“Genuine’”’......|Sn 88.9 
Sb 7.4 
Cu 3.5 
Bell metal 922 2.5%). Cu 80-75 Bells, gongs, etc. 
Sn 20-25 
(Sometimes Ag, Ni 
or other metals) 
Brass 
Gilding metal. ..; Cu 99-80 Cheap jewelry, gold paint. 
Zn 1-20 
Dutch metal....| Cu 80-76 Thin sheets as substitute 
Zn 20-24 for gold leaf. 
Standard........ Cu 73-66 Brass for cold working. 
Zn 27-34 Sheets, tubes, cartridges. 
IW Rite caverta tre Cu—less than 45 Ornamental castings not 


Brazing metal....... 


Britannia metal. .... 


Chromel (Nichrome) . 


Copper-beryllium... . 
Beryllium bronze 


Cupro-nickel........ 


85 

15 

95-90 
5-10 
Cums 

Ni 70-85 

Cr 15-30 
(approximate) 
Cu 97-98 

Be 2-3 


Cu 
Zn 
Sn 
Sb 


requiring strength. 


Cheap table ware. 


Resistance wire for heating 
units, crucibles, triangles, 
tongs. (Patented.) 

Heat treated to give 200,- 
000 Ib. per square inch 
tensile strength. Used for 
pump parts, springs, and 
nonsparking tools. 

Projectile driving bands, 
rifle bullet caps, electrical 
resistances, condenser tubes. 


a eEEEE—————— 
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Tas_eE III (Continued) 
Name Composition, per cent Uses 
Constanta. sash: Cu 60 Used with copper or iron to 
Ni 40 make thermocouples. 
Delta metal......... tu 60 See Sterro metal. 
Zn 40 
Mn 0.5-2 
iIDowametal’enecea ae Mg 85-92 Standard magnesium alloys. 
Al 8-15 Used as castings or forgings. 
Duraluminaes eee AL 955 Strongest and best of alumi- 
Cu 3.0 { Approx num alloys. Used in air- 
Mn 1.0 (comp plane and automobile 
Mg 0.5 parts. 
Fusible metals 
Lipowitz....:...| Bi 50 These and other ternary and 
1240; 275 quaternary alloys are used 
Sn 13 for fuse plugs for automatic 
Cd 10 sprinklers. 
Woodsen. ae Bi 38 
Pb 31 
Sn 15 
Cd 16 
Germanssilver sige at ret anne nee See Nickel silver. 
Gunmetal)... ...720) Cu 92-88 | Gears, heavy hydraulic cast- 
Sn 8-12 | ings. 


Magnalium 


Magnolia metal...... 
(Lead-base babbitt) 


Manganese bronze. . . 


Manganin 


Aluminum brass with 
Fe 


|Fe 64 


Ni 36 


“Same as Aluminum brass 

| with added toughness. 

Low coefficient of expan- 
sion. Used in clocks, pre- 
cision instruments. 
Scientific instruments. 
ance beams. 
Antifriction, bearing alloy. 


Bal- 


Propeller blades. Non- 
corrodible and great wear- 
ing qualities. 


High electrical resistance 
and low temperature co- 
efficient. 
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Taste III (Continued) 


Name 


Composition, per cent 


Uses 


Monel metal 


Muntz metal........ 


Naval brass......... 


Nickelin.... 


Pewter 


Plainite...cesess Soa 


Platinoid 


Platinum-iridium... . 


Rheotans sc. se sake 


Shotinevalae sme. aos 


Solder 
SOltas Gre bas ecole 


Medium 


Ni 
Cu 
Fe, 


68 
E76 
Mn, Si 5 


20-30 
(Remainder) 


85-90 
15-10 


0.15 


Almost noncorrodible. 
Used for propeller blades, 
wire, sheets, valves, pumps, 
etc. 

Sheathing for ships, bolts, 
nuts, condenser tubes. 

Properties like Muntz metal. 
Less easily corroded by sea 
water. 

Resistance wire. 


Table ware, cheap jewelry, 
base for silver plating. 


Substitute for platinum in 
chemical crucibles, dishes, 
ete. (Patented.) 
Platters, bowls, cups, ete. 
Same coefficient of expan- 
sion as glass. Used as 
substitute for platinum in 
equipping incandescent 
lamps. 

High resistance 
not suitable for 
coils. 


wire but 
heating 


Standard meter and other 
standards. Thermo- 
couple with platinum. 

High resistance but not 
suitable for heating coils. 


Casting bullets and small 
shot. 


Plumber’s solder. 
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TasBLe III (Continued) 


Name Composition, per cent 
Hairdo ae eros 
Sn 67 
Speculum metal.....}| Cu 70-65 
Sn 30-35 
Steel 
Plain carbon..... C 0.05-0.15 
C 0.15-0.25 
C 0.25-0.40 
C 0.4-0.75 
C 0.6-0.8 
C 0.8-1.0 
C 10-12 
Coe 2a Ics 
Chromium..... Cr less than 3 
Chromium-tung-|C 0.65-0.75 
Stenmrn oe W = 18.5-18.5 
Cr 3.5-4.5 
V_ 0.75-2.0 
Chromium-vana-|C  0.25-1 
CLUme saa Or OLS— at 
VF0.25. 
Manganese.....| Mn 12-14 
Nickel eee Ni 3-4 
Nickel-e hrom-| Ni 1-4 
MUN ete = ce OrmOrey—> 


SITCOM nee 


Stainless........ 


Si less than 5 


Cr 13-20 


Uses 


Takes a high polish. Form- 
erly used in reflectors for 
telescopes. 


Boiler plate, rivets, sheet 
steel, case-hardening stock. 

Structural work, _ bridges, 
shafting. 

Axles, connecting rods, pis- 
ton rods. 

Rails, steel castings. 

Cutlery, woodworking tools, 
drills. 

Springs, lathe tools, drills. 

Large lathe tools, axes, knives. 

Saws, files, balls for bearings, 
razors. 

Projectiles, files. 

High-speed tools. May be 
run at 500°-600°C. with- 
out losing their edge. 


Gears, springs, general auto- 
mobile parts. 


Used on sharp railroad cur- 
ves, frogs, switches, etc., 
where wear is hard. 

Drive shafts, crankshafts, 
gears, and other automo- 
bile parts. 

Armor plate, automobile 
parts subject to heavy 
stresses. 

Has high permeability and 
low hysteresis. Used in 
dynamo construction. 

Used in cutlery, containers 
for corrosive liquids, ete. 


eee 
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TaB_e III (Continued) 


cc 
Name Composition, per cent Uses 
GSU GE ee omnia ce Reis! Co 80-50 Noneorrodible. Used in cut- 
Cr 20-50 lery, surgical nstruments. 
Sterro metal......... Cu 60 Strong as mild steel and not 
(Aich’s metal,|Zn 38 easily corroded. Used in 
Delta metal) |Fe 2 hydraulic cylinders, sea- 
| water valves. 
dype metal. ..:- 2. Pb 60-85 
Sb 8-20 
Sn 5-35 
ESN Pe gree Al 92.5 Used for general castings. 
|Cu 4 Retains strength at higher 
|Ni 2 temperatures than No. 12. 
Mg 1.5 
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Taste VII.—Location or Minute Cracks BEFORE DeEp Ercrinc* 


Considerable differences of opinion have arisen as to the meaning of results 
obtained by deep etching in transversely fissured rails, etc., because the pres- 
ence of cracks in the material previous to etching had not been demonstrated. 
The following method, however, can be used to locate them. 

The sample after careful polishing is magnetized and then immersed in 
kerosene or a similar liquid containing very fine iron dust in suspension. 
The particles of iron dust collect on the face of the specimen and orient them- 
selves to correspond to the shape of the cracks because of discontinuity in 
the metal which causes a change in density of the magnetic flux. The sam- 
ples are then washed in clean kerosene to remove as much as possible of the 
excess iron dust which clings to the surface.! 

According to several authorities their existence has been proved by 
annealing the specimens prior to etching, because a pronounced decarbur- 
ized area then occurs around these cracks. 


* From the Handbook of the American Society for Steel Treating. (Repro- 
duced by permission. ) 
1 Technologic Paper 165, Bureau of Standards, 1920. 
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296 PRINCIPLES OF METALLOGRAPHY 


Taste 1X.—Ercuina Souutions ror Nonrerrous Meraus* 


Etching Reagents and Methods.—The following list gives the principal 
reagents which have been found especially suitable for different nonferrous 
metals and alloys: 


Copper 


Ammonium persulphate, copper-ammonium chloride, ammonium 
hydroxide and hydrogen peroxide. 


Brasses 


Ammonium persulphate, ferric chloride, ammonium hydroxide with 
‘hydrogen peroxide. 
Copper-aluminum Alloys 


Ammonium persulphate, ferric chloride, nitric acid, copper-ammonium 
chloride. 


German Silver 


Ammonium persulphate, ferric chloride. 


Nickel, Monel Metal, Etc. 


Merica’s solution (nitric and acetic acids). 


Aluminum and Light Aluminum Alloys 


Sodium hydroxide, hydrofluoric acid, hydrofluoric with hydrochloric 
acid. 


Lead, Tin, and Their Alloys (White Metal, Etc.) 


_ Chromic acid with nitric acid, hydrochloric acid, silver nitrate, ferric 
chloride. 


Zine and Alloys Rich in Zinc 
Iodine, chromic acid with nitric acid. 


* From the Handbook of the American Society for Steel Treating. (Repro- 
duced by permission.) 
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ErcuHInG REAGENTS FOR CoppER* 


Reagent 


Composition 


Remarks 


Ammonium hydroxide 
and hydrogen peroxide. 


Ammonium hydroxide 


and hydrogen peroxide. 


Hydrogen peroxide..... 10 c.c. 


Equal volumes of concentrated 
ammonium hydroxide and hy- 
drogen peroxide (3 per cent 
solution). (Sometimes better 
results are obtained by in- 
creasing the proportion of am- 
monium hydroxide.) 


Swab surface of the specimen 
with cotton, which has been 
previously dipped in the solu- 
tion. Slow swabbing of the 
surface is most effective. To 
prevent oxidation the speci- 
men should be placed in run- 
ing water as soon as swab is 
removed. Only freshly pre- 
pared solutions are of value. 


Ammonium hydroxide 
(ORG ee cece aiensls ee 40 


Ferric chloride for copper 
products. 


Sulphuric acid.......... 


Sulphuric acid.......... 


Sulphuric acid 


Ferric chloride........ 15 c.c. 
(Saturated solution of ferric 
chloride and water.) 

Hydrochloric acid 


A satisfactory etching reagent 
for cast copper. Apply re- 
agent to surface of polished 
specimen with swab and rub 
briskly until mirror-like sur- 
face is obtained. 


For copper products, such as 


sheets, rods, etc., use the above 
reagent and method as given 
for cast copper but with a final 
immersion for a few seconds in 
this ferric chloride solution. 


Approximate time of etching— 
1 to 144 minutes. 


Approximate time of etching— 
30 to 60 seconds. This meth- 
od emphasizes the occurrence 
of cuprous-oxide inclusions. 


COONS Dock onda erns xe 30 c.c. 
WME oe vada sey s 200 c.c 
Sulphuric acid (sp. gr. 1.84)... 
Le RE ER MO Ye 1 part 
Hydrogen peroxide (3 per cent 

SHINN) s.65 . .<oe 20 parts 
Sulphuric acid (sp. gr. 

MBA > Sats State orace aisles 1 part 
Potassium dichromate (satur- 

ated solution).......10 parts 
Sulphuric acid (sp. gr. 

pe end can eetntc er 1 part 


Potassium permanga- 
nate (4 grams per 
1000 c.c. of water)...10 parts 


Approximate time of etching— 
1 to 1}4 minutes. 


Ferric chloride.......... 


Ferric chloride.......... 


Ferric chloride...... 10 grams 
Hydrochloric acid 
papas die Galt ann 


te Pe eee ee 120 ¢.c. 


Same, in 120 c.c. of alcohol. 


Approximate time of etching— 
30 seconds. 

Both methods are satisfactory 
for low magnifications. The 
alcoholic solution produces the 
better contrast. 


Potassium arsenate...... 


Ammonium hydroxide 
LOOIIOD alse tare aie els taie x 1 part 
Potassium arsenate 


(saturated solution)...3 parts 


Etch for about 24 hours. This 
method emphasizes the oxide 
inclusions. 


Potassium permanganate. 


INEGTIO: ACG tows vie vie sare 


Chromic: acids i ve6 «00> 


Ammonium hydroxide 
(cones) ets. oan: 2 parts 
Potassium permanga- 
nate (4 grams per 
1000 c,c, of water)... .3 parts 


Etch for 2 or 3 minutes. The 
etching is best carried out just 
as the solution begins to 
change to a brown color, due 
to formation of manganese 
dioxide; otherwise, an obscur- 
ing film may result on the 
specimen. 


Nitric acid (sp. gr. 1.42). 


The time of etching is ve 

short. A satisfactory etc! 
may be produced, but it is 
dificult to control the inten- 
sity of attack. 


Chromic acid (saturated solu- 
tion). 


Etch from 1 to 144 minutes. 
This reagent emphasizes the 
grain boundaries and also the 
oxide inclusions. 


oo eee 


* From the Handbook of the American Society for Steel Treating. 


mission.) 
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298 


PRINCIPLES OF METALLOGRAPHY 


Ercuine REAGENTS FOR Copper (Continued) 


Reagent 


Composition 


Silver nitrate 


Copper sponta chlo- 
Ti 


e. 


2 per cent solution. 


Copper ammonium 


chlorides oo 45.2.0 5 grams 
WADI Ee eto eo 120 c.c. 
Add ammonium hydroxide 


forms redissolves, giving a 


clear blue color. 


(cone.) until precipitate which | 


Remarks 


Etch from 20 to 30 seconds. 
The film of deposited silver 
must be removed by a swab of 
cotton. The presence of oxide 
inclusions is emphasized by 
the etching. 


| Etch from 30 to 60 seconds. 
One of the most satisfactory 
etching reagents for copper. 

| 


} 


Ammonium persulphate. . 


10 per cent solution. 


| 
| 
| 


| Etch from 1 to 2 minutes. A 
very satisfactory etching re- 
agent for copper. The sur- 
face of the specimen should 
be free from any trace of 
grease. 


——— 
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ErcuInG REAGENTS FOR CopprER ALLOoYs (BRAss, BRONZE, GERMAN SILVER, 


Erc.)* 
f 
Reagent Composition Remarks 

Nitric acid..............| Nitric acid (conc.)...... 50 c.c. | Immerse sample in the solution 
Ber Sc eee ceicts, uiiese's 50 c.c.| until the structure is revealed, 
then wash with water and dry 
with alcohol. This reagent is 
likely to cause pitting. For 
copper and its alloys, this 
Teagent is satisfactory for 

microscopic examination. 
Ammonium hydroxide | Hydrogen peroxide..... 7 c.c. | Satisfactory for copper alloys, 
and hydrogen peroxide. | Ammonium hydroxide. .43 c.c. | chiefly the yellow brasses, con- 
taining copper, lead, and zinc.! 
Ammonium hydroxide | Ammonium hydroxide Suitable for wrought brass, 
and hydrogen peroxide. | (conc.)...........--10 ¢.c.| bronze, German silver, etc. 
Hydrogen peroxide... 1.0 c.c.| Place 10 c.c. of strong am- 
(Equal volumes are often used | monium hydroxide in a watch 
with excellent results.) glass and add 1 or 2 c.c. of 


hydrogen peroxide (3.6 per 


gently until the grain structure 


appears. 
CSPBU INO. EG occ mc sa Ferric chloride.... 0.5 grams|For cast gun metal, use the 
Hydrochloric acid. 50 c.c. above ammonium hydroxide 
PWV ctbelin ct cei elese 100 c.c. solution to show dendrites. 


Then flood specimen with 
Grard No. 1 until the alpha 
darkens slightly. The eutec- 
toid remains a bright blue- 
white color and shows up in 
marked contrast. 


Girarde Nai 2s sara..cpem vist Ferric chloride...... 19 grams 
| Hydrochloric acid 
(GOW) Sine 6 Sox 6 c.c. 
| Water.. 100 c.c¢ 
Ferric chloride.......... Ferric chloride...... 10 grams | Suitable for brasses, bronzes, 
Hydrochloric acid German silver, copper-alumi- 
(Fy cpa’ s Pie lop SD) Nerepes bere: 30 c.c. num alloys, and phosphorus 
| Water.............120 c.c. bronze. 


Ammonium persulphate. . | 10 per cent aqueous solution. This reagent is improved by 
(Made just before using.) adding a few drops of ammo- 


using. One of the most satis- 
factory reagents for copper- 
alloys. The surface of speci- 
men should be free from 


grease. 
Heyn’s solution......... Copper Shae Add ammonium hydroxide un- 
CIHOTIAE nae re tena 5 grams | til precipitate which forms 
Wicttenme asa miieries 120 c.c. redissolves. Suitable for cop- 


per-aluminum alloys. 


* From the Handbook of the American Society for Steel Treating. (Reproduced by 
permission.) : ‘ ; 

1 For copper-zinc, copper-tin, and copper-zinc-tin alloys, this 
sion of the specimen in a ferric chloride solution, gives satis 
chloride solution may be varied in strength, according to the ju 


solution, with a final immer- 
factory results. The ferric 
dgment of the user. 
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Ercuinc Reacents ror Nickey, Mone, Mera, Cupro-NICKEL AND 
NIcKEL-SILVER ALLOYS* 


a 


Reagent Composition Remarks 


Merica’s solution........ Nitric acid (70 per cent).50 c.c. | Nickel and its alloys frequently 
Acetic acid (50 per cent).50 ¢.c.| show pits with co ored rings or 
holes when etched with a 50 
per cent aqueous nitric-acid 
solution. Merica’s solution 
gives much better results. 
his is a very satisfacto 
etching reagent for cast, cold- 
drawn, and annealed nickel. 


LL 


International Nickel Co..) Nitric acid....... 20 to 40 c.c. 
Acetic acid (75 per 
CONE) nats Sarees 30 to 40 c.c. 
Acetone,........- 30 to 40 c.c. 
=e eee eae. 
Hydrochloric acid.......) Hydrochloric acid (conc.) This reagent is excellent for cast 
and cold-drawn nickel but re- 
quires about 1 hour for 
etching. 
eee 
Sulphuric acid.......... Sulphuric acid (sp. gr. This reagent gives excellent re- 
1a: 9 a ee cane 1 part sults for electrolytic nickel. 
Potassium dichromate Etch for about 4 minutes, 


eee 

Nitriosacid’iacy ...senoaee Nitric acid (conc.) This reagent, which is suitable 

for electrolytic and cold-drawn 

nickel, gives good contrast. 
Etch for about 5 seconds. 


‘= SS ee eee eee 
Sulphuric acid.......... Sulphuric acid (sp, gr. For cast nickel, this reagent 
TSE) aeeniee tee obits 1 part gives good results. Etch for 
Hydrogen peroxide (3 30 seconds. 
per cent solution)....10 parts 
(ee a ee a ee 
Ferric chloride:.......... Ferric chloride...... 10 grams | This reagent gives good results 
Hydrochloric acid for ee ee lly nickel. Etch 
(Sp.er. TO}. 30 c.c. for about 2 minutes. 
Water. A sens 120 c.c. 


* From the Handbook of the American Society for Steel Treating. (Reproduced by 
permission, 

‘ For nickel-silver alloys, a 15 to 20 per cent solution of ferric chloride gives good results. 
The polished surface of the specimen is immersed in the solution until a slight dullness 
appears, which should signify that it has been etched sufficiently. However, when the 
structure is not homogeneous, 7.e., cored, the cores are highly emphasized. 
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= 
Ercuinc REAGENTS FoR ALUMINUM AND ALUMINUM ALLOYS* 
—_———.2.0.02?.?.:.Q>Q>¥>——SSSSS ee 


Reagent 


Composition 


Remarks 


Sodium hydroxide..... awa 


Sodium hy- 
droxide....0.1 to 20 per cent 
Dissolve in water (a few c.c. of 
alcohol are added to slow up 
the action). 


The alcoholic solutions have a 
slower action. The more di- 
lute solutions are useful for dif- 
ferentiating constituents.? 
Sodium hydroxide reagents 
leave a black deposit which 
can be removed by washin, 
thes specimen in water an 
then momentarily immersing 
in concentrated chromic or 


Sodium hydroxide....... 


Sodium hydroxide..... nee 


Hydrofluoric acid........ 


Hydrofluoric and hydro- 


chloric acids.......... 


DN LEXA GROCICL Seaitty scyesaieteie = 2 


nitric acid. 
Sodium hydroxide... 10 grams| This reagent is suitable for 
WAGERS ec cs ws sts sere 100 e.c. developing the structure of 
zine-bearing aluminum alloys. 
Sodium hy- This solution swabbed on the 


droxide....0.1 to 1.0 per cent 
Dissolve in water. 


Hydrofluoric 
pot, ee Seer 0.1 to 20 per cent 
Aqueous or alcoholic solution. 


ES RE A inne 90 c.c. 


Hydrofluoric acid 
TOOE Feo: we peiis eee 10 c.c. 
Hydrochlorie acid 
(QNGO ccc altos Soe: 


1 to 25 per cent aqueous solu- 


tion. 


surface of the specimen bright- 
ens FeAls; with prolonged 
swabbing this constituent 
etches to a brownish colora- 
tion.’ 


The 1, 2, and 8 per cent solu- 
tions are used most frequently. 
A black deposit is formed by 
etching, which is removed by 
immersing momentarily in 
concentrated nitric acid. Cu- 
Als and FeAl; are darkened by 
hydrofluoric acid.4 


Reveals grain size in an excel- 
lent manner. Etch from 30 
to 90 seconds. 


A 20 per cent aqueous solution 
heated to 160°F. is excellent 
for distinguishing CuAlz, The 
specimen is immersed for 2 or 
3 secondsand thenimmediately 
quenched in coldwater. CuAls 
is colored brown, while FeAls 
and most of the other constitu- 
ents are not affected.6 A 4 
per cent alcoholic solution is 
recommended for aluminum- 
zine alloys. 


Ferric sulphate.......... 


Ferric sulphate .5 to 10 per cent 
Dissolve in water. 


With a 10 per cent solution, 
etch 45 seconds, or about 3 


minutes, with a 5 per cent 
solution, CuAlz is colored 
brown. FeAl; is not affected. 


Sodium carbonate....... 


Sulphuric acid.......... 


Pieriosscid ss vacricle oleate: 


*From the Handbook of the American Society for Steel Treating. 


permission.) 


A saturated solution of sodium 
carbonate is made up, and for 
use a few drops are added to 
about 25 c.c. of water. 


The solution is brought to boil- 
ing, and the _ previously 
warmed specimen is immersed 
in it for only a second or two, 
Wash at once and dry. 


10 to 20 per cent aqueous solu- 
tion. 


The reagent is heated to 160°F. 

Immerse specimen for a few 
seconds and then quench in 
cold water. FeAls is stained 
black. 


Picric acid......... 5 grams 
Ailcohollos22nc+ «ce 2 100 C.C: 


Etch from 10 to 20 minutes 
CuAl:z is colored brown. 


(Reproduced by 
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* 
Some MicroGRAPHiIc CONSTITUENTS IN ALUMINUM AND ALUMINUM ALLOYS 


Constituent Color Characteristic form 
®) constituent... | Lavender Skeletons 
CwAls..pye eee | White to pink Needles and granules 
RGA ae ca, fess Lavender to purplish | Needles 
AlsMgp... one Light whitish Needles and granules 
Mm Als enero se PD LOG oe rsir: Needles and skeletons; simi- 


lar to ) constituent 


INTAT Fees cocks. oars be | Needles and granules 
Sita easae ees oh eluish gray Granules, needles, and den- 
drites 
Mig Siemeictacic a Aer Blue Granules and crystals 
Hiligree®a ne Light and dark inter- | Lacey 
laced 


Sd 

*From the Handbook of the American Society for Steel Treating. (Reproduced by 
permission.) 

1 Compiled by Robert J. Anderson, consulting metallurgical engineer. 

2 A light etch with a 10 to 20 per cent aqueous solution emphasizes the contrast between 
FeAl; and aluminum, 7.e. it outlines the intermetallic compound. Sodium-hydroxide solu- 
tion colors CuAl: dark brown after sufficient immersion, and it appears to attack FeAl; 
more rapidly when the two constituents are together in an alloy. NiAls is colored brown 
and is attacked more rapidly than CuAlo. McAl; is darkened by sodium hydroxide, to 
which a little hydrogen peroxide is added. Al3;Mgz is practically unattacked by sodium 
hydroxide. 

3 This reagent may be used to differentiate between FeAl; and silicon. The etching is 
continued to the point where the lavender tinge of the FeAl; is emphasized. 

‘ An immersion of 5 seconds in a 2 per cent aqueous solution colors FeAl; purple to light 
brown, X constituent golden brown, and silicon dark purple. This solution is useful for 
outlining the boundaries of constituents in any aluminum alloy; momentary immersion is 
sufficient. The 0.1 to 1 per cent aqueous solutions darken FeAl; slowly; a light etch in these 
solutions enhances the characteristic colors. A 5 per cent aqueous solution stains NiAlg 
brown and blackens MnA\l3. 

5 Prolonging the immersion period to 30 seconds colors the CuAl: black, outlines the laven- 
der FeAl; and leaves the X constituent a watery gray. AlsMg: is darkened by etching in a 
10 per cent alcoholic solution. A 25 per cent aqueous solution stains NiAls black, colors 
CuAls brown, and outlines FeAl3. 

6 The ternary eutectic of CuAlz, MgSi, and aluminum-rich solid solution. 
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Ercuinc REAGENTS FoR WuHITE Merats (Leap, TIN, or Zinc BaseE)* 


a 


Reagent 


Composition 


Remarks 


Nitric acid 


2 per cent alcoholic solution. 


Nitric acid 


5 per cent aqueous solution. 


For alloys rich in tin. 


For alloys rich in lead. 


Hydrochloric acid 


5 per cent aqueous solution. 


For alloys rich in zine. 


Hydrochloric acid 


Chromic oxide and sodi- 
um sulphate. 


Either a concentrated or dilute 
solution may be used, depend- 
ing upon the composition of 
the alloy. 


| Used for white metals high in 
tin. When a concentrated 
solution is used, dip the speci- 
men in the acid for a few sec- 


Chromic oxide.... 20 
| Sodium sulphate.. 1.5 grams 


grams 


onds; wash thoroughly and 
dry quickly. 
This is an excellent etching 


reagent for both cast and 


| wrought zine. 


WU UUOR ctsteia winte ian ain 100 = c.c. 
Chromic acid........... 94 per cent nitric acid. 

6 per cent chromic acid. 
WOdiIG ne eo nite sien ota ala si ToOdMNG.../on0h seers > sl Part 

Potassium iodide..... 3 parts 

Wetet.. (threatens 10 parts 


— 


Ferric chloride 


* From the Handbook of the American Society for Steel Treating. 


permission.) 


A few drops of this solution is 
added to 100 c.c. of water just 
before using. Used for zinc, 


Suitable for alloys rich in zine 
or cadmium, 


5 per cent aqueous solution. 


Suitable for alloys of lead, tin, 
antimony, bismuth, and anti- 
friction alloys. The black 
deposit left on the surface is 
washed off. ~ 


.| Ferrie chloride 10 grams 
Hydrochloric acid (sp. gr. 1.19) 
30 c.c. 


Very satisfactory etching solu- 
tion for alloys of antimony, 
lead, and babbitt metal. 


(Reproduced by 
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REAGENTS FOR MISCELLANEOUS ETCHING* 


eVV—— 


Reagent Composition Remarks 
NIETO (AGId pe an-eeheae 2 per cent aqueous solution. | Suitable for magnesium and its 
alloys. Etch for about 10 
seconds. 


— 


Ammonium hydroxide. . . 


Sodium hydroxide 


Potassium ferrocyanide.. 


Aqua regia 


permission.) 


(1) Boil in ammonium hydrox- 
ide and hydrogen peroxide or 
hydrogen peroxide alone. 

(2) Electrolytic etch. 15 per 
cent sodium hydroxide. 20 
milliamperes per square centi- 
meter, 

(3) 2.5 per cent aqueous solu- 
tion. Add a few drops of 
ammonium hydroxide just 
before using. 


These three reagents are used 
for tungsten. 


Etch about 5 minutes. 


The specimen is gently polished 
with a piece of broadcloth or 
rubber which has been moist- 

| ened with this solution. 

eee 
Suitable for gold, silver, plat- 
inum, and alloys rich in gold. 


Waters ca.) cea. 6 parts | Use at about 60°F. 


*From the Handbook of the American Society for Steel Treating. 


(Reproduced by 


Taste X.—TrEMPERATURE ConvVERSION TABLE (ConDENSED) 
Degrees Centigrade to Degrees Fahrenheit. 


Degrees Fahrenheit 
Degrees Centigrade 


95 Degrees Centigrade + 32°, 
56 (Degrees Fahrenheit — 32. ye 


ees 0 | 10 | 20 | 30 | 40 50 | 60 70 80 90 
Centigrade 
| | Degrees Fahrenheit 
0 32 50 68 86 104 122 140 158 176 194 
100 212 230 248 266 284 302 320 338 356 374 
200 392 410 428 446 464 482 500 518 536 554 
300 572 590 608 626 644 662 680 698 716 734 
400 752 770 788 806 824 842 860 878 896 914 
500 932 950 968 986 | 1004 | 1022 | 1040 | 1058 | 1076 1094 
600 1112 | 1130 | 1148 | 1166 | 1184 1202 | 1220 | 1238 | 1256 | 1274 
700 1292 | 1810 | 1328 1346 | 1364 | 1382 | 1400 1418 | 1486 | 1454 
800 1472 | 1490 | 1508 1526 | 1544 | 1562 | 1580 1598 | 1616 | 1634 
900 1652 | 1670 | 1688 | 1706 1724 | 1742 | 1760 | 1778 | 1796 | 1814 
1000 1832 | 1850 | 1868 | 1886 1904 | 1922 | 1940 | 1958 | 1976 | 1994 
1100 2012 | 2030 | 2048 2066 | 2084 | 2102 | 2120 2138 | 2156 | 2174 
1200 2192 | 2210 | 2298 2246 | 2264 | 2282 | 2300 2318 | 2336 | 2354 
1300 2372 | 2390 | 2408 | 2496 2444 | 2462 | 2480 | 2498 | 2516 | 2534 
1400 2552 | 2570 | 2588 | 2606 2624 | 2642 | 2660 | 2678 | 2696 | 2714 
1500 2732 | 2750 | 2768 2786 | 2804 | 2822 | 2840 | o858 2876 | 2894 
1600 2912 | 2930 | 2948 | 2966 2984 | 3002 | 3020 | 3038 | 3056 3074 
1700 3092 | 3110 | 3128 | 3146 3164 | 3182 | 3200 | 3218 | 3236 3254 
a Bie nd 3308 | 3326 | 3344 | 3362 3380 | 3398 | 3416 | 3434 
52 : 34 
ae noe 88 | 3506 | 3524 | 3542 | 3560 3578 | 3596 | 3614 


3668 | 3686 | 3704 | 3722 3740 | 3758 | 3776 | 3794 
J 
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Taste XI.—Mettine Points anp Atomic Weicuts or THE More 
Important Merats anp METALLOoIpDS 


| 


Element 
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Taste XI.—Mettine Points anp Atomic WEIGHTS OF THE MoRE 
ImporTANT Metaus and Mera.uorps (Continued) 


Element 


Sulphur see cats eee 


Stronitiuinis 500 ho eee eee 
hallinimset. sce es oie eee 
AVAGO Rib rate eee wt ee eee one See 


Tidantumil-e-8 no 5 Seneca 


AMRIT alike weiner eaccte ior aca 
Wiraininiro penne geet aera 


Symbol 


| Atomic | 
| weight 


Melting point, 
degrees 
Centigrade 


I. 1128- 
II. 119.2 
III. 106.2 
800.0 (?) 
303 .0 
452.0 
232.0 
1800.0 
3370.0 (?) 
< 1850.0 
1720.0 
419.4 


INDEX 


A 


Ac, meaning of, 105 
AM metal, 68 
Ar, meaning of, 105 
Admiralty metal, 90 
Age-hardening, 93 
diagram of, 95 
knot theory of, 98 
time of, 96 
Alelad, 67 
Alloy, eutectic, 10 
two-layer, 3 
Alloys, four component, 51 
list of, 278 
melting of, 220 
ternary, 45 
Alpax, 60 
Aludar, 60 
Aluminum, uses of, 57 
Aluminum alloys, casting, 58 
classification of, 58 
corrosion of, 65 
protection against, 66 
forging, 62 
micrographic constituents of, 302 
pistons of, 62 
soldering of, 58 
uses of, 67 
welding of, 59 
Aluminum bronze, 91 
diagram, 92 
properties of, 91 
Aluminum castings, heat treatment 
of, 65 
Aluminum-copper alloys, 58 
micrographs of, 59 
properties of, 58 


Aluminum-lead alloys, 4 
cooling curves of, 4 
diagram of, 6 
micrograph of, 8 

Aluminum-silicon alloys, 60 
micrographs of, 60 
modified, 60 
normal, 60 

Aluminum-zine alloys, 59 

Amorphous cement theory, 72 

Annealing, 114 

Antimony-tin alloy, 41 
micrograph of, 41 

Austenite, 110 
decomposition of, 124 
micrograph of, with martensite 

and troostite, 127 


B 


Babbitt metal, 50 
micrographs of, 52, 53 

Bell metal, 77 

Beryllium-copper alloys, 92 

Bohnalite, 68 

Books, list of, 272 

Brass, 78 
for cold working, 80 
defective, micrographs of, 98-101 
dezincification of, 100 
diagram, 79 
effect of other elements on, 89 
properties of, 78, 79 
solder, 83 

Brass, a-, 83 
composition of, 83 
micrographs of, 85, 86 
properties of, 84 
season cracking of, 88 
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Brass, twinning of, 84 
Brass, B- (see Muntz metal) 
Bronze, 74 

aluminum (see Aluminum bronze) 

bearing, 75 

coinage, 74 

gear, 74 

Government, 74 

lead in, 75 

micrographs of, 76, 77 

phosphor, 75 

plastic, 77 


Cc 


Cadmium-bismuth alloys, 10 
cooling curves of, 10 
diagram of, 11 
micrographs of, 14 

Cameras, metallographic, 244 
Bausch and Lomb, 248-250 
Leitz, 245, 246, 248, 294 
Zeiss, 251 

Cementite, 109 
micrograph of, with pearlite, 113 

Chromel, 36 

Component, 19 

Compounds, intermetallic, 36 
open maximum type of, 37 
suppressed maximum type of, 39 
surrounding in, 41 
transition type of, 39 

Concentration vertical, 26 

Constantan, 34 

Cooling curves, 2 
derived-differential, 229 
inverse rate, 228 
plotting of, 228 
time-temperature, 228 
types of, 229 

Copper, 68 
conductivity of, 69 
deoxidizing of, 69 
plastic, 9 
properties of, 69 
uses of, 69 
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Copper-aluminum alloys, diagram 
of, 92 
Copper-antimony alloys, diagram of, 
45 
Copper-copper oxide, 15 
diagram of, 15 
micrographs of, 16, 17 
Copper-manganese alloys, 32 
diagram of, 32 
uses of, 33 
Copper-nickel alloys, 34 
diagram of, 34 
Copper-silver alloys, 28 
diagram of, 28 
micrographs of, 30 
Copper-tin alloys, diagram of, 73 
Copper-zine alloys, diagram of, 79 
Corrosion, 176 
differential aeration in, 180 
electrolytic theory of, 177 
factors in, 177-179 
oxygen main factor in, 180 
pH value as affecting, 178 
protection against, 181 
by bituminous materials, 184 
by cement, 184 
by enamels, 184 
by metal coatings, 183 
by paint and varnish, 183 
by protective films, 182, 183 
by removal of oxygen, 184 
Cracks, grinding, 212 
magnetic detection of, 213 
“thumbnail,” 214 
Critical range, 113 
Crystals, chill, 191 
columnar, 191 
equi-axed, 191 


D 


Deactivation, 184 
Deaeration, 184 
Degrees of freedom, 19 
Diagram, 4 
construction of, 5 


INDEX 


Diagram, equilibrium, 4 
freezing point, 4 
interpretation of, 7 

Diagrams, relation’ to properties, 

54-56 

Dendrites, 33, 192 
growth of, 193 
macrographs of, 192 

Dendritic segregation, 192 

Dow metal, 68 

Duralumin, 62 
aging of, 63 
composition of, 62 
heat treatment of, 63 
micrographs of, 64 
properties of, 63 

Dutch metal, 80 


E 


Electron, 67 
Equilibrium, divariant, 19 
monovariant, 19 
nonvariant, 19 
Etching, electrolytic, 238 
Etching reagents, 285 
for aluminum alloys, 301 
for copper, 297 
for copper alloys, 299 
for macroscopic examination of 
steel, 285 
for microscopic examination of 
steel, 288 
for miscellaneous alloys, 304 
for nickel alloys, 300 
for nonferrous metals, 296 
for nonmetallic inclusions, 292 
for white metals, 303 
Eutectic, 11 
ternary, 48 
Eutectic alloy, 11 
Eutectic point, 11 
Eutectic temperature, 11 
Eutectoid, 44 
Eyepieces, 256 
compensating, 256 
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Eyepieces, Huygens, 256 
projection, 256 
selection of, 257 


F 


Failure, fatigue, 209 
progressive, 209 

Ferrite, 110, 113 

Fiber, 202 
macrograph of, 208 
relation of, to strength, 207 

Filters, photographic, 257 

Fracture, detail, 209 
‘fish-seale,”’? 215 


G 


G metal, 74 
Gainma rays, 268 
Gears, macrographs of, 206 
manufacture of, 205 
German silver, 50 
Gilding metal, 80 
Gold, white, 36 
Government bronze, 74 
Grain size, 86 
measurement of, 87 
Grinder, belt, 232 
Gun metal, 74 


H 


Hardening, mechanical, 69 
Beilby-Rosenhain theory of, 72 
Jeffries and Archer theory of, 72 

Hold, definition of, 12 

Hoyt’s rules, 24, 25 


I 


Illumination, conical, 242 
dark-field, 243 
diagram of, 244 
micrograph with, 247 
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Illumination, direct, 243 
indirect, 243 
Illuminators, optics of, 241 
“semi’’-ultra violet, 255 
types of, 240 
ultra violet, 254 
Ingot, blow holes in, 196, 197 
pipe in, 196 
zones in, 194 
Invar, 148 
Tron, allotropy of, 42 
a-form of, 42 
“Armco,” 105 
micrograph of, 106 
B-form of, 48, 104 
cast, 164 
corrosion resistant, 155 
critical points in, 103 
6-form of, 104 
electrolytic, 105 
micrograph of, 106 
y-form of, 42 
gray, 167 
alloying of, 169 
micrographs of, 168, 169 
malleable, 173 
black-heart, 173 
micrographs of, 174-176 
white-heart, 173 
mottled, 167 
“Ni-hard,” 171 
micrograph of, 171 
“Ni-resist,’’ 170 
micrograph of, 170 
stainless, 155 
micrograph of, 158, 159 
white, 166 
micrographs of, 165, 166 
wrought, 105 
Aston process for, 108 
micrographs of, 107, 108 
puddling process for, 105 
Tron-carbon alloys, 108 
6-iron region in, 110 
diagram of, 109 


J 


Jewelry brass, 80 
Journals, list of, 277 


L 


Laboratory experiments, 271 
ferrous, 271 
nonferrous, 271 
Lead, cooling curve of, 2 
Lead-tin alloys, diagram of, 22 
Ledeburite, 109, 165 
Lenses, 252 
chromatic aberration in, 253 
numerical aperture of, 254 
resolving power of, 253 
spherical aberration in, 253 
Lines, characteristic, 26 
conjugate, 25 
temperature of, 25 
Liquidus, 11 


M 


Macroscopic examination, 186 
Canfield’s reagent for, 218 
Heyn’s reagent for, 218 
Humfrey’s reagent for, 218 
Le Chatelier-Dupuy’s reagent for, 

217 
Stead’s reagent for, 217 

Magnaflux, 213 
test of, 262 

Magnesium, 67 

Magnesium alloys, 67 
corrosion of, 68 

Magnetic analysis, 261 
uses of, 262, 264 

Magnetic testing, 261 

Manganese brass (see Manganese 

bronze) 

Manganese bronze, 91 
micrographs of, 90 

Manganin, 34 


INDEX 


Martensite, 126 
micrograph of, 127 
with troostite, micrograph of, 127 
Metallography, 2 
Metallurgy, physical, 1 
Metallurgy, production, 1 
Metals, atomic weights of, 305 
melting points of, 305 
Microscope, 239 
eyepieces, 256 
metallurgical, 239 
optics of, 252 
Millivoltmeter, 223 
thermocouples for, 224 
Monel metal, 35 
micrographs of, 35 
Muntz metal, 80 
micrographs of, 81, 82 
properties of, 83 


N 


Nichrome, 36 
Nickel silver, 50 
*Nitricastiron,” 171 
micrographs of, 171, 172 
nitrided, 172 
Nonmetallic inclusions, 
tion of, 294 


identifica- 


O 


Objectives, microscopic, 255 
achromatic, 255 
apochromatic, 255 
fluorite, 255 


Palau, 36 
Paper, photographic, 260 
Pearlite, 110 
micrographs of, 112 
Percentages, 222 
atomic, 222 
weight, 222 
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Peritectic, 40 
Permalloy, 148 
Phase, defined, 19 
Phase rule, 18 
form of, with binary alloys, 19 
simple form of, 19 
statement of, 18 
use of, 21 
Physical metallurgy, 1 
Photomicrographs, mounting of, 260 
Plates, photographic, 257 
development of, 258 
reduction of, 259 
Platinite, 148 
Polishing, 234 
abrasives for, 234 
dry, 236 
fabrics for, 234 
machines, 233 
Warner and Swasey, 233 
magnesia for, 235 
mounting press for, 230 
pits caused by, 235 
rough grinding before, 232 
specimens mounted for, 231 
Potentiometer, 226 
Primary separation, 12 
Printing, contact, 204 
sulphur, 214 


R 


Radiography, 266 
Recalescence point, 113 


8 


Season cracking, 88 
micrograph of, 89 
Secondary separation, 13 
Segregation, dendritic, 33 
mechanism of, 186 
Semi-steel, 173 
Silumin, 60 
Slip bands, 70 
optical reasons for, 71 
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Solder, plumber’s, 27 
tin, 27 
Solid alloy, changes in, 42, 43 
diagram of, 44 
Solid solution, 21 
complete, 31 
cooling curve of, 27 
development of, 31 
freezing of, 23 
incomplete, 28 
microscopic appearance of, 33 
minimum in, 32 
saturated, 27 
unsaturated, 27 
Solidus, 12 
Sorbite, 124 
micrograph of, 128 
Space lattice, 270 
Specimen, leveling of, 239 
Spectrometry, z-ray, 266 
Steadite, 167 
Steel, 108 
acid etched, 211 
macrographs of, 212 
aluminum in, 151 
annealing of, 114 
banded structure in, 122 
burned, micrograph of, 115 
carbide network in, 129 
case hardened, abnormal, 136 
micrographs of, 184-136 
normal, 134 
case hardening of, 131 
with ammonia, 137 
carburizers for, 133 
composition for, 132 
mechanism of, 133 
cast, micrographs of, 120 
cement, 131 
chromium-molybdenum, 149 
chromium-nickel, 149 
chromium-vanadium, 149 
cold work on, 121 
micrograph of, 120 
copper in, 151 


Steel, cracks, detection in, by magna- 


flux, 213 
critical cooling rate in, 125 
cyanide hardening of, 136 
dendrites in, 189 
sketch of, 190 
directional properties of, 201 
“188” 161 
carbide precipitation in, 163 
6-constituent in, 162 
effect of carbon on, 160 
intergranular failure in, 164 
micrographs of, 160-162 
Strauss test of, 164 
fiber in, 202 
macrographs of, 202-204 
finishing temperature, 120 
‘‘fish-seale”’ fracture of, 215, 216 
hardening of, 122 
hardening cracks in, 214, 215 
heat treatment of, 114 
high-speed, 151 
composition of, 152 
hardness curve of, 154 
heat treatment of, 153 
micrographs of, 152-154 
secondary hardness in, 155 
hot work on, 118 
inclusions in, micrographs of, 143 
incomplete transformation in, 114 
interdendritic filling in, 190 
macroscopic examination of, 186 
manganese, 144 
constitutional diagram of, 144 
micrographs of, 145 
manganese in, 142 
manganese sulphide in, 143 
micrograph, 143 
molybdenum, 149 
constitutional diagram of, 150 
Mushet, 151 
nickel, 146 
constitutional diagram of, 147 
nickel-molybdenum, 149 
nitrided, micrograph of, 137 
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Steel, nitriding of, 137 ih 
normalizing of, 117 
overheated, micrographs of, 115, Temperatures, conversion table for, 


116 304 
phosphorus in, 142 measurement of, 223 
pipe in, 187 millivoltmeter for, 226 
failure due to, 195 potentiometer for, 226 
illustrations of, 189 thermocouple for, 224 
preparation of, for macroscopic Ternary alloys, 45 
test, 216 binary eutectic surfaces in, 49 
quaternary, 139 binary eutectics in, 49 
quenching of, 123 composition diagram of, 47 
seam in, 197 contour method of describing, 49 
segregation, macrographs of, graphic representation of, 46 
198-201 microscopic appearance of, 50 
silicon in, 142 model, sketch of, 46 
slag streaks in, 143 Thermic analysis, 5 
spheroidized cementite in, 131 Time curves, application of, 13 


micrographs of, 117, 129 Troostite, 124, 126 
spheroidizing of, 118 micrograph of, 128 
stainless, 155 Two-layer alloy, 4 

diagrams of, 156, 158 


effect of nickel on, 159 Md 
sulphur in, 141 Weight and atomic per cent, 222 
temper brittleness in, 149 calculation of, 223 
tempering of, 128 Weld, macrograph of, 198 
ternary, 139 radiographs of, 268 
“thumb-nail”’ cracks in, 214 White brass, 83 
toughening of, 128 White gold, 36 
toughening range in, 130 Wood’s metal, 51 
tungsten, 150 

constitutional diagram of, 150 x 

red hardness of, 151 X-ray methods, 266 
vanadium, 148 diffraction, 268 

constitutional diagram of, 148 radiography, 266 

Steel alloy, 138 
constitutional diagram of, 139, Y 
140 UNV —2alloy. 61 
Stellite, 36 forged, 64 


Strain lines, macrograph of, 210 micrograph of, 61 
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